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The  work  reported  here  was  supported  by  the  Office  of  Naval 
Research,  Washington,  DC,  under  contract  N00014-75-C-0125,  and 
managed  by  Mr.  Max  Yoder.  The  program  was  aimed  at  developing 
the  InGaAs  materials  technology  in  order  to  evaluate  its  poten- 
tial for  superior  FET  performance  over  that  for  GaAs  in  light 
of  its  expected  higher  effective  saturated  drift  velocity. 


The  work  was  carried  out  in  the  Varian  Corporate  Research 
Solid  State  Laboratory.  Contributions  to  this  work  were  made 
by  S.  G.  Bandy,  T.  J.  Boyle,  D.  R.  Decker,  S.  B.  Hyder,  R.  D. 
Fairman,  C.  K.  Nishimoto,  and  R.  L.  Bell.  J.  H.  Dully  pro- 
vided technical  assistance. 
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1 . INTRODUCTION 

The  important  parameter  which  determines  the  limiting  freq- 
uency response  of  FETs  is  the  transit  time  which  the  electrons 

take  to  cross  the  active  gate  region.  Figure  1 shows  the  velocity- 
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field  characteristic  for  10  cm  doped  GaAs  and  a simple  two- 
piece  fit  typically  used  to  model  it.  As  gate  lengths  have  pro- 
gressively decreased  in  an  effort  to  reduce  the  transit  time, 
the  electric  fields  in  the  channel  exceed  to  a greater  degree 
the  threshold  for  intervalley  transfer  (approximately  Eg  in 
Fig.  1)  . Since  the  transit  time  is  not  large  with  respect  to 
the  intervalley  scattering  time,  one  must  consider  the  actual 

electron  dynamics  rather  than  just  the  static  velocity-field 

2 3 

characteristic  in  estimating  what  FET  performance  will  be.  ' 

This  need  is  demonstrated  by  the  fact  that  although  the  high 

field  drift  velocity  for  GaAs  exceeds  that  for  Si  by  only  10% 

at  most,  there  is  a dramatic  improvement  in  the  figure  of  merit 

f .2 
max 

The  optimum  FET  material  would  allow  the  electrons  to  travel 
at  the  highest  possible  velocity  in  the  T minimum  (i.e.  have 
a low  r effective  mass) , and  spend  the  longest  possible  time 
at  high  energies  in  the  T minimum  before  transferring  into  the 
upper  valleys  (i.e.  have  a large  intervalley  energy  separation 
and  a low  intervalley  coupling  constant) . Although  it  appears 

4 

that  InP  has  a slightly  higher  peak  velocity  than  GaAs,  the 
coupling  constant  for  T to  L transfer  in  GaAs  is  around 
3 x 10®  eV  cm  ^ , 6 while  that  for  InP  is  in  the  5-14  x 10® 
range.6  Since  the  scattering  time  goes  as  the  inverse  square 
of  the  coupling  constant,  the  more  rapid  scattering  of  the 
electrons  into  the  L valleys  in  InP  will  compensate  the  higher 

IT  to  L energy  separation  (0.6  eV  vs  0.38  eV  for  GaAs6,6)  some- 
what when  velocity  overshoot  effects  are  taken  into  account. 
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Figure  1.  Velocity-field  characteristic  for 
10l7cm“  doped  GaAs  and  a sinple 
two-piece  fit. 


Figure  2 shows  the  position  of  the  T,  X,  and  L minima  for 
the  ternary  In  As  as  a function  of  x.^  ^ ^ As  In  is  added 

X x — X 

to  GaAs  the  bandgap  decreases,  thus  decreasing  the  r effective 

mass.^  In  addition,  the  T to  L energy  separation  increases 

so  that  the  threshold  for  upper  valley  transfer  is  increased, 

assuming  that  the  T to  X coupling  coefficient  is  relatively 

independent  of  composition.  This  will  contribute  to  shortening 

the  electron  transit  time  through  the  active  gate  region,  and 

should  lead  to  improved  FET  performance  over  that  for  GaAs. 

Although  inGaAs  has  been  considered  previously  as  a candidate 

12 

for  an  optimum  material,  an  artificial  constraint  of  the 
intervalley  energy  separation  being  larger  than  the  bandgap 
led  to  its  being  considered  less  desirable  than  InAsP . GaAs, 
the  best  material  to  date  for  demonstrated  FET  performance, 
does  not  meet  this  requirement,  and  Fig.  2 suggests  that  IrGaAs 
is  an  improvement  over  GaAs  with  respect  to  this  criterion. 

In  Ga.  As  also  offers  the  advantage  of  differing  from  GaAs 

X X “X 

only  incrementally  depending  upon  the  value  of  x,  so  at  least 
for  low  values  of  x the  processing  technology  for  GaAs  should 
also  be  suitable  if  not  better  for  InGaAs  (e.g.  the  reduced 
barrier  height  should  reduce  the  contact  resistance  of  the 
ohmic  contacts) . Except  for  the  very  high  values  of  x,  InGaAs 
has  a barrier  height  advantage  over  InP . The  technique  of  lat- 
tice matching  InGaAs  to  a semi-insulating  GaAs  substrate  by  a 
graded  region  grown  by  VPE  has  been  previously  demonstrated,^ 
enabling  InGaAs  to  enjoy  the  benefits  of  the  superior  semi- 
insulating  GaAs  substrate  quality  over  that  of  InP,  for  example. 

These,  then,  are  the  motivating  reasons  why  InGaAs  is  con- 
sidered a good  candidate  for  obtaining  FET  performance  superior 
to  that  of  GaAs. 
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2.  MATERIALS  GROWTH  AND  EVALUATION 


In  Ga.  As  can  be  grown  by  liquid  phase  epitaxy,** ' ^ ^ but 
homogeneous  FET  quality  material  is  difficult  to  obtain,  and 

uniform  compositional  grading  is  also  difficult  by  this  method. 

16-18 

Growth  by  chemical  vapor  deposition,  on  the  other  hand, 

lends  itself  more  readily  to  preparation  of  homogeneous  material 
of  any  desired  composition  and  donor  concentration  by  facilitating 
lattice  matching  through  compositional  grading. 

2 . 1 Mixed  Source  System 

To  provide  the  needed  graded  buffer  layer  between  the  Cr- 
doped  semi-insulating  GaAs  substrate  and  the  active  InGaAs 
epitaxial  layer  to  avoid  lattice-mismatch  problems,  a two-source 
source  system  is  needed.  While  this  system  was  being  developed, 
layers  of  low  In  concentration  were  grown  directly  on  GaAs  sub- 
strates by  using  a mixed  In-Ga  source  system.  This  simply  in- 

19-21 

volved  using  the  AsCl^,^  transport  system  used  to  grow  GaAs 
and  substituting  the  Ga  source  with  a mixed  In-Ga  source.  Ratios 
of  24%/1.3%,  32%/1.8%,  and  50%/2%  are  typical  examples  of  the 
relationship  between  the  In  source  percentage  and  the  resulting 
In  percentage  in  the  deposited  film.  One  problem  with  control- 
ling the  In  percentage  in  the  deposited  films  is  the  fact  that 
the  In  is  depleted  from  the  source  at  3 to  4 times  the  rate 
the  Ga  is  depleted,  resulting  in  decreasing  In  percentages  for 
subsequent  runs  made  from  the  same  source.  Table  I gives  a 
summary  of  the  mobility  data  obtained  for  the  thin  layers  grown 
using  the  mixed  source  system.  For  comparison,  data  from  two 
GaAs  films  are  shown.  The  bracketed  mobility  listed  is  "best 
typical"  mobility  obtained  on  thicker  (>  0.5-micron)  epitaxial 
layers.  The  mobility  values  are  at  least  comparable  if  not 
better  for  the  InGaAs  layers,  showing  that  for  In  percentages 
at  least  up  to  2.5%  the  lattice-mismatch  at  the  substrate  inter- 
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face  is  not  severe  enough  to  significantly  affect  the  quality 
of  the  overall  layer  when  as  thin  as  0.3  micron. 


TABLE  I 


MOBILITY  OF  LAYERS  GROWN  IN  MIXED  SOURCE  SYSTEM 


Run 

Hall  Mobility 
at  300 °K 
(cm2/V-sec) 

ND'NA^cm~3^ 

Layer 

Thickness 

(urn) 

%In 

25-1 

4640 

(4700) 

9 . 4el6 

4.6 

1.3 

25-14 

4106 

(4600) 

1 . 0el7 

~ 0 . 6 

2.0 

25-15 

3758 

(4650) 

9 . 6el6 

0 .3 

2.0 

25-16 

4512 

(4500) 

1 . 2el7 

~ 0 . 6 

2.3 

25-17 

3889 

(4600) 

1 . 0el7 

0.4 

2.5 

22-21 

3348 

(4600) 

1 . 0el7 

0.2 

0 

24-9 

3293 

(4500) 

1 . 2el7 

0.4 

0 

2 . 2 Two-Source  System 

The  InxGa1_xAs  growth  system  and  reactor  are  shown  sche- 
matically in  Fig.  3.  Electronic  mass  flow  controllers  control 
the  flow  of  purified  H2 . The  AsC13  bubbler  is  kept  at  any  de- 
sired temperature  by  a thermal  bath  and  is  connec  ed  to  the  In 
and  Ga  chambers;  the  AsC13/H2  flow  over  each  element  being 
separately  controlled.  The  flow  line  to  In  is  also  connected 
through  valved  bypasses  to  an  etch  line  entering  the  reactor 
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chamber,  and  the  flow  can  be  diverted  to  this  line  if  desired. 

The  H2S  tank  gas  (310  ppm  in  H2)  is  further  diluted  with  H2  in 
a mixing  chamber  and  the  diluted  gas  is  fed  into  the  reactor 
ahead  of  the  substrate  position  for  S doping.  Chromium  doping 
is  achieved  using  a CrC>2Cl2  bubbler,  and  the  Cr03/H2  mixture 
enters  the  reactor  between  the  sources  and  the  substrate,  ac- 
cording to  the  reaction 

3Cr02Cl2  + 3H2  - Cr03  • Cr203  + 6HC1  . (2-1) 

The  monochloride  vapors  of  Ga  and  In  are  mixed  in  the  reactor 
by  means  of  a baffle  placed  at  the  exit  of  the  In/Ga  chambers  to 
ensure  homogeneous  mixing.  The  substrate  is  placed  horizontally 
in  a holder,  and  a thermocouple  inserted  into  a well  incorporated 
in  the  holder  records  the  temperature.  A quartz  liner  protects 
the  reactor  from  monochlorides  depositing  in  the  cold  region. 

All  the  glassware  in  the  high  temperature  region  is  made  from 
Spectrosil  grade  quartz.  The  reactor  tube  is  held  in  a horizontal 
position  and  the  furnace  is  rolled  onto  it  to  start  the  deposition 
process.  An  approximate  temperature  profile  of  the  furnace  when 
placed  over  the  reactor  is  shown  in  Fig.  3(c).  The  source  temp- 
erature was  about  780°C,  and  the  substrate  temperature  was 
usually  about  720°C.  Temperature  variation  over  the  length  of 
the  substrates  was  less  than  a degree/cm  and  about  5°C  over  the 
length  of  the  source  boats , which  were  8 cm  long . 

2.2.1  Source  Preparation  and  Saturation 

Fifty  grams  of  elemental  In  and  Ga  of  minimum  purity  99.9999% 
is  used.  Gallium  is  poured  into  the  source  boat  as  received  but 
In  is  baked  in  a H2  stream  at  about  900°C  for  72  hr  before  trans- 
ferring it  to  the  source  boat  in  the  reactor.  Use  of  AsCl3  and 
elemental  sources  requires  that  the  sources  are  saturated  with 
As  until  a crust  of  InAs  and  GaAs  is  formed  on  the  respective 
sources.  Transport  and  epitaxial  growth  occurs  only  after  the 
sources  are  saturated. 
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PURIFIED  H 


AsCI3 

BUBBLER 


HjS  1310  PPM  in  H2) 


AsCI^Hj 


/M 


H,S 


EXHAUST 


The  source  temperature  during  saturation  was  kept  at  about 

_3 

770°C.  The  AsCl^  vapor  pressure  was  9.15  x 10  atm  at  20°C 

bubbler  temperature.  Using  a ^ flow  rate  of  300  cc/min  the 

saturation  time  of  5.6  hr  was  calculated  using  the  relation 
21 

given  by  Shaw  for  Ga , 


t 


satu 


W 

m-w 


(2-2) 


^■satu 

pAsCl3 


W 


m-w 

R 


saturation  time  in  min 

AsCl^  vapor  processes  (atm) 

source  temperature 

flow  rate  in  liters/min 

mole  fraction  As  in  saturated  source 

weight  of  the  source 

molecular  weight  of  the  element 

gas  constant  0.0821  atm/deg-mole 
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Arsenic  solubility  was  taken  from  Hall's  data  shown  in  Fig.  4 
for  Ga  and  In. 
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Ban  and  Ettenberg  have  calculated  that  at  a deposition 
temperature  of  1000°K  about  10%  of  InCl  is  converted  into  solid 
from  the  gas  phase  as  compared  to  about  60%  for  GaCl . This  also 
indicates  that  the  In  source  is  depleting  faster  than  the  Ga 
source  in  the  same  ratio  since  depletion  of  the  elemental  source 
occurs  according  to  the  relation. 


2M.  + 2HC1  - 2MC1  + H_  . (2-3) 

1 g g 2 

For  a source  temperature  of  780°C  it  was  observed  that  after  a 

series  of  test  depositions  the  Ga  source  depleted  about  20% 

whereas  the  In  source  depleted  as  much  as  80%.  Considering 

this  faster  depletion  of  In  source,  the  saturation  time  for 

21 

the  In  source  was  estimated  by  dividing  Shaw's  expression 
by  four.  Indium  saturation  time  was  then  calculated  to  be 
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SOLUBILITY  X ATOMIC  FRACTION 


about  11  hr  in  reasonable  agreement  with  the  experimentally 
observed  time  of  about  10  hr  for  In  saturation  with  As. 

After  temperature  equilibration,  during  which  some  de- 
saturation occurs,  the  sources  were  resaturated  initially  with 
300  cc/min  of  AsC^/Hj  flow  over  the  In  source  and  100  cc/min 
over  the  Ga  source.  After  a series  of  depositions,  the  In 
source  was  found  to  deplete  from  the  high  temperature  side  of 
the  source  boat.  This  situation  does  not  interfere  with  normal 
growth  in  any  way  until  the  source  size  is  depleted  about  80% 
or  so  after  a considerable  number  of  hours  of  saturations  and 
depositions.  The  effect  on  the  growth  surface  is  then  observed 
as  formation  of  hillocks  running  along  the  (110)  direction  as 
shown  in  Fig.  5.  Reduction  of  AsCl^/H^  flow  at  this  point  in 
the  life  of  the  source  seems  to  eliminate  hillock  formation. 

2.2.2  Compositional  Grading  and  Epitaxial  Growth 

During  grading  for  lattice  matching  and  epitaxial  growth 
the  substrate  was  kept  at  a temperature  between  713°C  to  725°C 
and  the  sources  were  kept  at  780°C.  The  composition  of  the 
deposited  InxGa^_xAs  layers  was  varied  by  varying  the  AsCl^/I^ 
flow  over  the  In  and  Ga  sources.  Experiments  were  conducted  to 
determine  the  composition  of  epitaxial  InxGa^_xAs  as  a function 
of  fractional  AsC13/H2  flow  ratio  over  the  Ga  source.  The  re- 
sults are  shown  in  Fig.  6 and  compared  with  previous  experimental 

17  24  23 

data  ' and  calculated  values  of  Ban-Ettenberg . Compositional 

grading  to  the  desired  composition  was  accomplished  by  contin- 
uously controlling  the  input  flow  ratios  to  Ga  and  In  (according 
to  the  data  shown  in  Fig.  6)  by  means  of  a dual-channel  electro- 
static-curve-following  programmer.  Both  the  In  and  Ga  flows 
were  varied  to  keep  the  total  flow  constant.  Since  the  compo- 
sition of  the  deposited  InxGa^_xAs  is  governed  by  equilibrium 
thermodynamics,  letting  the  flow  rate  change  during  compositional 
grading  by  keeping  flow  through  one  source  constant  changes  the 
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100  urn 


Fig . 5 . Hillock  formation  with  high  flow 
rates  and  small  source  volume. 
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awth  rate  during  grading  and  results  in  degradation  of  sur- 
face quality  and  of  electrical  properties.  Figure  7 shows  the 
surface  of  epitaxially  grown  InxGa^_xAs  with  14  mole%  InAs , 
with  (a)  ungraded  growth,  (b)  with  1 micron  of  graded  layer, 
and  (c)  with  3.9  microns  of  graded  layer.  The  better  quality 
of  the  3.9-micron  layer  grown  with  constant  flow  rate  is  im- 
mediately obvious.  Figure  6 shows  the  electron  mobility  at 
300°K  of  some  of  the  films  grown  with  different  thickness  of 

graded  layers  and  ungraded  growth.  The  material  was  doped 
17  -1 

to  about  10  /cm  electron  density  with  H^S.  The  graded 

layer  was  made  semi-insulating  with  Cr  doping  using  CrC^C^ 

as  indicated  in  Fig.  3.  The  best  results  were  obtained  for 

graded  layers  of  > 3-micron  thickness  using  constant  total 

2 

flow  rates,  with  mobilities  of  6920  and  6840  cm  /V-sec,  indi- 
cated by  4-9  and  4-8  in  Fig.  8.  Samples  4-11  and  4-10  were 
also  grown  with  constant  flow  rates,  but  the  graded  layers 
were  only  2.5  microns  and  2.8  microns  thick,  respectively. 
Specimen  4-1  has  a 2.5-micron  graded  layer,  but  the  flow  rate 
was  not  constant  throughout  the  grading.  Effect  of  both  vari- 
able flow  rate  and  smaller  graded  thickness  is  depicted  by 

Specimen  4-4  with  a room  temperature  mobility  of  only  2770 
2 

cm  /V-sec.  The  higher  InAs  concentration  in  this  specimen 
with  improper  grading  and  gas  flow  rate  also  contributes  to 
lower  mobility.  InxGa^_xAs  grown  directly  on  the  GaAs  sub- 
strate is  exemplified  by  Specimen  3-15.  The  mobility  is  4190 

2 2 
cm  /V-sec  as  compared  with  about  5200  cm  /V-sec  obtained  by 

18 

Glicksman  et  al . but  is  better  than  Specimen  4-4  and  4-1  only 
because  the  InAs  mole%  is  much  smaller,  and  lattice  mismatch 
is  not  too  large  (0.3%  as  compared  to  about  1.4%). 

CrC^C^  flow  of  about  3.4  x 10  ^ mole/min  was  used  for 
doping  graded  layers  which  yielded  epilayer  resistivity  of 

g 

the  order  of  2 x 10  ohm-cm  with  a total  AsC13/H2  flow  of 
460  cc/min.  When  lower  total  AsCl^  flows  were  used,  surface 
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1_.  Surface  of  epitaxially-grown  In.^Ga.ggAs  grown 
on  ungraded  and  lattice-matched  graded  layers. 
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Fig.  8.  Hall  mobility  as  a function 
of  mole  percent  InAs. 


(110)  direction.  These  are  possibly  due  to  excessive  Cr.  Simi- 
lar imperfections  have  been  observed  by  Mizuno,  Kikuchi , and 

25 

Seki  and  were  attributed  to  Ga203  formation  when  water  vapor 
produced  in  the  reaction  reacting  with  the  Ga  source.  Since 
the  CrC^Cl,,  does  not  pass  over  the  Ga  source  in  our  arrangement, 
the  defects  observed  are  tentatively  attributed  to  the  forma- 
tion of  stoichiometric  CrAs  which  is  found  to  give  needle-shaped 

2 6 

precipitates  in  Czochralski-grown  GaAs . 

To  establish  desirable  equilibrium  growth  conditions  with 
the  InGaAs  system  described  in  Fig.  3,  the  input  AsCl^  vapor 
pressure  was  adjusted  by  varying  the  AsCl^  vaporizer  temperature. 
Complete  conversion  of  HC1  to  the  monochloride  of  In  and  Ga  was 
determined  by  placing  a GaAs  substrate  partially  covered  with 
SiC^  in  the  high  temperature  zone  and  measuring  the  amount  of 
material  etched.  Increasing  AsCl^  vapor  pressure  was  found  to 
increase  etching  due  to  increased  HC1  production  while  at  lower 
AsCl ^ vapor  pressures,  growth  occurred  at  the  substrate.  Figure 
10  shows  the  etch  rate  as  a function  of  AsCl^  vaporizer  tempera- 
ture. Complete  conversion  seems  to  occur  at  a vaporizer  temp- 
erature of  about  11 °C,  below  which  growth  occurs  in  the  high 
temperature  region.  Since  in  this  series  of  experiments  CrC^C^ 
is  also  used  to  provide  Cr  doping,  extra  HC1  enters  the  reactor 
through  the  reaction  of  CrC^Clj  and  . Use  of  an  AsCl^  vapor- 
izer temperature  of  11 °C  can  therefore  cause  severe  etching  of 
the  substrate.  Figure  11  shows  the  growth  surface  with  AsCl^ 
vaporizer  temperature  of  11°C  and  Cr02Cl2  addition.  An  AsC13 
vaporizer  temperature  of  7°C  was  therefore  selected  for  the 
growth  of  material  reported  here,  as  a compromise  between 
smooth  etching,  complete  conversion  and  low  growth  rates. 

Typically,  S-doped  In  Ga.  As  epitaxial  layers  with 

x i-x  ^7  _3 

electron  densities  of  the  order  of  10  cm  were  grown  on 
semi-insulating  GaAs  (100)  wafers  oriented  about  2°  off  axis 
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Surface  defects  formed 
at  high  Cr02Cl2  flow. 
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Fig.  11.  Growth  surface  with  the  ASCI3  bubbler 
at  11°C  in  the  presence  of  CrC>2Cl2. 


towards  the  (110)  plane.  Graded  layers  for  lattice  matching 
were  made  semi-insulating  with  Cr  doping.  The  GaAs  substrate 
was  placed  in  a horizontal  position  on  the  substrate  holder  and 
pushed  into  the  hot  zone  during  temperature  equilibration  and 
re-saturation  of  the  sources.  After  HC1  etch  cleaning,  the 
substrate  was  pulled  back  just  beyond  the  S doping  line  (Fig.  3) 
and  a graded  layer  grown  on  it  to  the  desired  InAs  composition, 
as  determined  from  the  curve  of  Fig.  6.  After  a graded  layer  of 
about  3 microns  or  more  was  grown,  the  substrate  was  pulled 
further  down  in  the  deposition  region  where  S-doped  InxGa^_xAs 
was  grown.  This  growth  rate  was  found  to  depend  on  the  total 
flow  rate.  For  a typical  flow  rate  of  about  460  cc/min  AsC1.j/H2 
the  growth  rate  was  found  to  be  about  0.03  micron/min.  A growth 
rate  of  0.01  micron/min  was  obtained  when  the  total  flow  rate 
was  reduced  to  260  cc/min.  The  growth  rate  during  grading  was 
typically  0.07  micron/min. 

After  the  desired  epitaxial  growth  thickness  had  been  ob- 
tained, the  doping  line  and  AsCl^  flow  was  shut  off  and  the 
furnace  rolled  off  from  the  reactor  tube.  The  substrate  was 
cleaned  and  stained  to  delineate  the  growth  layers  and  the 
growth  thickness  was  determined  optically.  Surface  structure 
was  observed  optically  under  a Zeiss  microscope.  The  electron 
density  was  determined  using  an  impurity  profile  plotter.  The 
InAs  molar  concentration  was  determined  by  measuring  the  bandgap 
by  photoluminescence  and  by  x-ray  diffraction  determination  of 
lattice  constants.  Hall  mobilities  were  measured  by  the  Van  der 
Pauw  method  on  square  samples  with  alloyed  In  contacts  on  the 
corners.  No  correction  for  submicron  layer  thicknesses  was  made 

2.2.3  Materials  Evaluation 

Earlier  measurements  of  electron  mobility  in  melt-grown 
In  Ga,  As  with  impurity  concentrations  of  the  order  of  lO^^cm-^ 

X i.  “X 

showed  a drastic  decrease  in  mobility  with  increasing  concen- 
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tration  of  InAs.  ' This  decrease  in  electron  mobility 

was  attributed  to  alloy  scattering.  A similar  effect  was 
29 

observed  by  Ku  in  GaAs.  P with  a carrier  concentration  of 
17  -3  1-x  x 

1.5  x 10  cm  . As  opposed  to  GaAs.  P (where  a direct  to 

i-x  x 3Q 

indirect  bandgap  crossover  occurs  at  x = 0.44  ) In  Ga.  As  has 

direct  bandgap  through  all  compositions  from  GaAs  to  InAs.  The 

expression  for  the  variation  of  bandgap  with  InAs  concentration 

is  given  by  Nahory,  Pollack,  and  DeWinter . ^ The  energy  of  the 

r conduction  band  minimum  in  In^Ga^  xAs  decreases  rapidly  with 

increasing  x whereas  the  energy  of  the  X minimum  increases  slowly. 

The  electrons  are  also  characterized  by  decreasing  effective  mass 

as  x increases.  Experimentally  determined  conduction  band  effec- 

32 

tive  masses  have  been  found  by  Fetterman,  Waldman,  and  Wolfe 

to  decrease  linearly  with  increasing  InAs  concentration.  The 

decrease  in  electron  mobility  observed  in  melt-grown  alloys  is 

too  large  to  be  explained  on  the  basis  of  alloy  scattering  and 

is  probably  due  to  material  being  inhomogeneous.  Purer  and  more 

homogeneous  material  grown  from  vapor  has  been  shown  to  have 

a less  marked  decrease  in  mobility  (Conrad,  Hoyt,  and  Martin,'*'7 

32  18 

and  Fetterman,  Waldman,  and  Wolfe  ).  Glicksman  et  al . on 

the  other  hand  found  practically  no  effect  of  composition  up  to 

a composition  of  x = 0.25  InAs.  In  Fig.  8 the  data  points 

labelled  with  sample  numbers  show  the  mobilities  obtained  in 

some  good  and  bad  samples  of  thin  film  In  Ga.  As,  all  grown 

x i-x 

from  vapor  with  a donor  concentration  of  the  order  of  10  cm  . 
Results  of  other  work  reported  in  the  literature  are  also 
shown  for  comparison.  All  the  alloy  layers  grown  in  the 
present  study  were  of  the  order  of  a micron  or  less  in  thick- 
ness as  shown  in  Table  II,  and  the  graded  layers  for  compo- 
sitional lattice  matching  were  made  semi-insulating  as  indi- 
cated earlier. 

Our  data  do  not  confirm  the  downward  trend  in  mobility 
with  increase  of  InAs  content  noted  in  earlier  literature. 

In  this  respect,  our  results  agree  with  those  of  Glicksman 


TABLE  II 


1 8 

et  al . On  the  other  hand,  quality  of  the  surface  and  quality 
and  thickness  of  graded  layers  seem  to  affect  the  electrical 
properties.  For  slow  growth  rates  that  were  used,  a thickness 
of  the  graded  layer  of  about  3-5  microns  seems  to  be  sufficient. 
Using  constant  flow  rates,  as  mentioned  in  an  earlier  section, 
also  seems  to  improve  the  quality  of  the  film.  Sample  3-15  was 
ungraded  and  seems  to  have  a moderately  highly  compensating 
acceptor  impurity.  Sample  4-1  was  grown  on  an  undoped  graded 
layer.  It  is  seen  from  these  results  that  for  a properly  grown 
In  Ga. _ As  layer  such  as,  for  example  4-8  and  4-9,  the  room 
temperature  mobility  is  higher  than  previously  reported  for 
any  alloy  of  comparable  composition  and  carrier  density.  The 
degradation  in  mobility  seems  to  be  only  due  to  inhomogeneity 
and  other  structural  disorders  in  the  epitaxially  grown  alloys. 

Efforts  to  increase  the  InAs  concentration  to  50%  were  not 
entirely  satisfactory  owing  to  excessive  depletion  of  the  In 
source.  However,  a layer  with  35%  In  was  grown  with  a doping 
level  of  1017  cm-^. 


2.2.4  Source  Size,  Source  Saturation,  and  Graded 
Layer  Studies  ~ 


InGaAs  was  grown  by  the  two-source  method  with  500  cc/min 

total  flow  of  AsCl^^  for  the  study  of  the  source  size  effect. 

The  sources,  which  weighed  50  g each,  had  a surface  area  of 
2 

about  12  cm  . Since  a shunted  single-zone  furnace  was  used,  a 
temperature  gradient  existed  over  the  sources.  Near  the  up- 
stream portion  of  the  source  the  gradient  was  about  0.2°C/cm 
and  progressively  increased  to  about  l°C/cm  near  the  downstream 
side,  which  was  at  a higher  temperature.  Compositional  grading 
was  accomplished  by  controlling  the  respective  H2  flows  through 
the  Ga-AsCl^  and  In-AsCl^  bubblers  which  were  held  at  7°C.  The 
graded  layers  were  Cr-doped  and  the  active  layers  were  doped 
n-type  using  310  ppm  H2S  in  H2  as  a dopant,  to  give  a final 


« 
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net  carrier  concentration  of  ~ 10  cm  The  material  was 

evaluated  for  surface  quality  and  composition  by  optical  micros- 
copy, x-ray  topography,  and  x-ray  diffraction  for  lattice 
constant  measurements.  The  electrical  properties  were  deter- 
mined by  the  Van  der  Pauw  method  and  by  a C-V  impurity  profile 

' 

plotter . 

3 3 

It  has  been  pointed  out  by  Clarke-3  that  a source  skin  dis- 
solution mechanism  is  important  in  growth  of  InP  with  low  back- 
ground doping.  A similar  effect  evidently  occurs  in  the  Ga 
source  as  well  as  in  the  In  source  but  because  the  Ga  source 
is  usually  of  higher  initial  purity,  the  effect  of  Ga  skin  dis- 
solution on  the  doping  level  is  not  drastic.  With  the  two- 
source  system  of  InGaAs  growth,  skin  dissolution  in  the  In  source 
effects  the  background  doping  if  a temperature  gradient  exists 
over  the  sources.  This  temperature  gradient  also  causes  the 
depletion  of  the  source  from  the  high  temperature  side,  thus 
reducing  the  surface  area  exposed  to  reaction  with  the  AsCl^/ 

HCl  flow.  Surface  quality  and  growth  are  also  affected  by 
InAs  crust  dissolution. 


For  a furnace  temperature  profile  that  has  gradients  at  the 
source  position,  the  decreasing  size  of  the  In  source  decreases 
the  growth  rate  and  also  affects  the  composition  of  the  material 
grown,  mainly  because  of  incomplete  reaction  with  a smaller 
source.  This  effect  of  decreasing  size  of  the  In  source  on  the 
percentage  InAs  in  InGaAs  for  three  constant  flow  ratios 
Ga  flow/Ga+In  flow  of  0.1,  0.16,  and  0.2  is  shown  in  Fig.  12. 


The  effect  of  compositional  grading  and  the  thickness  of 
the  graded  layer  on  the  surface  quality  of  vapor-grown  InGaAs 
has  been  discussed  previously.  It  was  observed  that  with 
graded  layer  thicknesses  from  2 to  4 microns,  active  layers 
with  good  quality  surfaces  can  be  grown  for  FET  fabrication. 
Larger  graded  layer  thickness  shows  a slight  improvement  in 
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Figure  12.  Indium  percentage  in  groun  layer  as  a 
function  of  source  size  for  a constant 
total  flow  ratio  Ga/(Ga+In). 


surface  quality;  however  the  structural  quality  seems  to  improve 
appreciably  with  thickness,  as  observed  in  x-ray  topographs. 

The  electrical  properties  of  the  active  layers  also  appear 
to  improve  considerably  when  the  material  is  grown  on  thicker 
graded  layers.  Table  III  shows  the  electrical  characteristics 
of  three  typical  wafers  with  2.8,  3.9,  and  7.1  micron  thick 


TABLE  III 


InGaAs 
Wafer  # 

Cone . 
InAs 
(%) 

Grading 

(urn) 

Carrier 
Cone.  Diff. 
Capacitance 
(cm-3 ) 

ND'NA 

Hall  Data 
(cm-3  77 ° K) 

Mobility 

(cm3/Vsec) 

300°K 

77°K 

4-10 

16 

2.8 

17 

1.8  x 10 

1.09  x 1017 

5560 

7080 

4-9 

14 

3.9 

17 

1.1  x 10x 

4.6  x 1016 

6840 

11200 

11-9 

20 

7.1 

3 x 1016 

2.08  x 1016 

8980 

22760 

graded  layers.  The  n-doped  InGaAs  material  with  20%  InAs  concen- 
tration grown  on  a high  resistivity  compositionally  graded  layer 
of  7.1  micron  thickness  showed  the  highest  mobility  yet  reported 
for  vapor-grown  material,  with  room  temperature  mobility  of 
8980  cm^/V-sec  and  a mobility  of  22760  cm^/V-sec  at  77°K.  A 
higher  mobility  than  this  has  only  been  reported  in  In  .,Ga  ,7As 
grown  by  LPE.  Figure  13  gives  the  C-V  impurity  profile  of  this 
wafer  and  shows  the  thickness  and  doping  level  of  the  active 
layer.  The  two  other  specimens  in  Table  III  show  decreased  mo- 
bility and  increased  compensation  in  the  active  layer  with  lower 
thickness  of  the  Cr-doped  graded  layer.  This  indicates  that 
compensation  in  material  grown  on  thinner  graded  layers  is  prob- 
ably due  to  dislocations  in  the  material  produced  by  too  fast  a 
grading  rate.  A grading  rate  of  2.8%  InAs/micron  (as  in  specimen 
#11-9)  with  a growth  rate  of  about  2 microns/hr  appears  to  yield 
good  quality  material  in  the  present  system. 


ACTIVE  LAYER  DOPING  Nq  (cm- 
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Figure  13.  Doping  profile  of  high  nobility 
In  Ga  As  wafer. 
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Olsen  and  Ettenberg  have  shown  by  transmission  electron 

microscopy  of  InGaP-GaAs  interfaces  that  a strain  due  to  lattice- 

-4 

mismatch  Aa/a  of  the  order  of  ^ 10  is  apparently  required  in 
order  to  avoid  any  generation  of  misfit  dislocations.  Slow  compo- 
sitional grading  should  reduce  the  lattice  strain  considerably 
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below  this  limiting  value,  but  Enstrom  et  al . indicate  chat  in 
case  of  InGaAs  growth  on  GaAs , a grading  rate  of  1%  InAs  concen- 
tration per  1 micron  of  growth  is  still  not  sufficiently  small 
enough  to  avoid  mismatch  dislocations  entirely.  Abrahams  and 
co-workers^  show  that  misfit  dislocations  are  introduced  during 
grading  and  their  density  is  proportional  to  the  magnitude  of 
the  compositional  gradient.  These  misfit  dislocations  give  rise 
to  inclined  dislocations  which  were  found  to  bend  in  and  out  of 
a misfit  plane.  When  bent  in,  they  give  rise  to  stress-relieving 
misfit  dislocations,  otherwise  they  propagate  effectively  even 
through  a constant  composition  region  grown  after  the  grading. 

Our  observations  show  a lower  density  of  grading  dislocations 
on  the  surface  than  at  or  near  the  interface  when  a grading  rate 
of  2.8%  InAs  micron  is  used  with  a growth  rate  of  about  2 mi- 
crons/hr. Although  the  lower  dislocation  density  is  due  to 
bunching  of  dislocations  already  created,  the  higher  mobility 
attained  in  the  specimen  (#11-9)  indicates  improvement  in  the 
quality  of  the  material  with  slower  growth  rates.  It  is  there- 
fore possible  that  both  lower  grading  rate  and  lower  growth  rates 
contribute  to  better  quality  material  and  a compromise  between 
these  has  to  be  made  to  attain  a practical  time  of  growth  of 
the  material . 

In  view  of  this  study,  the  VPE  system  for  growth  of  InGaAs 
was  modified  in  various  ways.  A two-zone  furnace  with  sodium- 
filled  heat  pipes  is  now  used  to  obtain  a flat-temperature  pro- 
file at  the  sources  and  to  thus  overcome  the  reoccurring  problem 
of  a high  background  doping  in  the  graded  buffer  layer. 
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2.3  Two-Source  Svstem  with  Heat  Pices 


Changing  to  a sodium-filled  heat  pipe  type  of  furnace  in- 
volved a considerable  delay  due  to  repeated  exchanges  of  faulty 
equipment.  After  the  furnace  was  finally  installed  and  operating 
properly,  it  was  necessary  to  conduct  experiments  to  re-establish 
the  proper  conditions  for  FET  growths . 

As  can  be  seen  in  Fig.  14,  the  new  reactor  profile  is  very 
flat  in  the  source  area  with  a total  source  temperature  variation 
of  0.1°C.  This  effectively  eliminated  the  crust  dissolution 
problem  in  the  InAs  source  which  was  discussed  above.  As  a con- 
sequence, the  doping  caused  by  impurities  in  the  exposed  In 
metal  was  eliminated,  allowing  semi-insulating  Cr-doped  layers 
to  be  produced  repeatably  and  reliably. 

In  the  course  of  seeking  the  proper  reactor  operating  con- 
ditions, layers  with  grading  rates  from  0.9%  to  4.9%  InAs/micron 
were  grown.  Growth  rates  ranged  from  0.2  to  9 microns/hr.  The 
layers  were  analyzed  by  optical  microscopy  and  photoluminescence 
spectra . 

Device  quality  surfaces  were  obtained  at  grading  rates  of 
3%/micron  and  below.  A layer  graded  with  a 4.9%  InAs/micron 
rate  to  15%  InAs  showed  marked  cross-hatch  effects  on  the  sur- 
face due  to  lattice  mismatch  strain.  Satisfactory  results  were 
obtained  with  a grading  rate  of  ~ 3 microns/hr  and  a growth  rate 
of  2-4  microns/hr.  The  buffer  layer  growth  rate  was  optimized 
by  locating  the  maximum  growth  point  in  the  reactor  and  then 
adjusting  the  furnace  and  sources  with  respect  to  the  tube  in 
order  to  position  this  point  correctly  for  the  buffer  layer 
growth.  The  growth  was  also  improved  by  etching  off  all  wall 
deposits  prior  to  each  run.  It  was  necessary  to  ensure  that  the 
growth  rate  did  not  exceed  about  5 microns/hr,  otherwise  terraced 
deformities  began  to  form  in  the  layer  and  its  structural  qual- 
ity deteriorated. 


ING  REACTOR;  FURNACE  PROFILE  WITH  DUAL  HEAT  PIPES 


CM.  INTO  FURNACE 


Figure  15  shows  a study  of  the  % InAs  vs  Ga/ (Ga+In)  flows 
from  this  work.  The  results  shown  are  consistent  with  and  extend 
previous  data  in  this  area.  The  Ga/(Ga+In)  flow  for  In  25^a  75As 
is  seen  to  be  Ga/(Ga+In)  “*  0.18. 

Inspection  of  Table  IV  shows  evidence  of  the  effect  of  In 
source  depletion  on  the  epi  layer  composition.  For  InG  #17-4, 

InG  #17-6,  and  InG  #17-7,  the  Ga/ (Ga+In)  flow  remains  nearly 
the  same  yet  the  % InAs  in  the  resultant  layer  is  drastically 
reduced.  For  InG  #17-6,  the  % InAs  is  4.6  with  a Ga/In+Ga  flow 
of  0.20.  To  achieve  this  same  % InAs  with  a Ga/In  source  size 
ratio  of  1 would  require  a Ga/Ga+In  flow  of  ~ 0.50.  From  this 
it  can  be  shown  that  approximately  75%  of  the  HC1  passing  the 
In  source  did  not  react  in  InG  #17-6. 


TABLE  IV 


Run  # 

Approx . 
Source  Size 
Ratio (In/Ga) 

Ga/ 

(Ga+In) 

Flow 

17-4 

0.8 

0.21 

17-6 

0.6 

0.20 

17-7 

0.4 

0.18 

17-8 

0.3 

0.12 

%InAs 

PPM  H2S 

nd-Vco 

18 

0.18 

< io16 

4.6 

0.81 

4xl016 

3.9 

1.52 

~ 5xl016 

0 

1.52 



When  the  Ga/In  source  size  ratio  decreases,  i.e.  when  the 
InAs  source  begins  to  deplete,  there  is  evidence  of  a consider- 
able effect  on  the  doping.  Apparently  the  excess  HC1  present 
in  the  growth  region  due  to  incomplete  reaction  at  the  InAs 

source  causes  a reduction  in  the  doping  level.  This  is  consis- 
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tent  with  the  results  of  Nozaki  et  al.  Table  IV  shows  this 
effect  on  a series  of  runs  made  with  a depleted  source. 


REACTOR:  LAVER  COMPOSITION  vs.  VAPOR  COMPOSITION 


FLOW/CGa  FLOW+In  FLOW? 


The  first  full  FET  runs  in  the  new  system  produced  no  S-doped 
active  layer.  The  reason  for  this  was  discovered  to  be  that  the 
doping  system  was  not  responding  correctly  and  the  dopant 

was  not  being  included  in  the  growths  for  a period  of  25  min 
after  the  doping  system  was  turned  on.  Since  this  delay  was 
longer  than  the  entire  active  layer  growth,  no  doping  took  place. 
This  delay  had  existed  previously  but  its  effects  had  been  masked 
somewhat  by  the  high  background  doping  due  to  the  incomplete  InAs 
crust  resulting  from  the  temperature  gradient  over  the  source. 
Indeed,  it  had  been  thought  to  have  been  eliminated  by  modifying 
the  doping  gas  mixing  manifold. 

To  counteract  this  effect,  several  runs  were  made  with  the 

I^S  doping  system  turned  on  during  buffer  layer  growth.  The 

buffer  layer  was  grown  upstream  from  the  port  to  avoid 

doping.  For  active  layer  growth,  the  substrate  was  pulled  back 

to  a position  downstream  from  the  port.  #InG  18-4  was  one 

of  the  best  of  these  runs,  and  Fig.  16  shows  a doping  vs  depth 

profile  obtained  by  C-V  analysis  of  this  run.  The  doping  level 

and  active  layer  thickness  can  be  seen  to  be  within  the  general 

tolerance  for  FET  devices.  However  the  doping  at  the  buffer 
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layer  interface  drops  steeply  only  to  1 x 10  and  then  begins 
to  "tail"  at  a rate  of  0.1  micron/decade  or  more.  This  is  not 
suitable  for  fabrication  of  high  performance  FETs. 

There  were  two  primary  reasons  for  the  tail  in  the  doping 
profile  at  the  buffer  layer  interface.  First,  back-diffusion 
of  S into  the  buffer  layer  growth  area  is  possible  when  the  H2S 
line  is  on  during  buffer  growth.  This  could  alter  the  background 
level  in  the  buffer  layer  as  a function  of  the  H2S  pressure  down- 
stream. Second,  if  the  doping  system  was  only  beginning  to  re- 
spond when  the  active  layer  was  grown,  its  slow  rise  time  would 
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produce  a slow  rise  in  the  active  layer  doping.  Introducing 
a period  of  no-growth,  no-etch  into  the  run  to  allow  the  doping 
system  to  fully  respond  proved  infeasible  because  the  length 
of  time  involved  necessitated  far  more  precise  control  over  the 
growth/etch  condition  than  was  possible  at  that  stage  of  the 
run.  It  was  necessary  therefore  to  improve  the  doping  system 
response  of  the  system.  Tests  were  performed  that  indicated 
that  the  doping  delay  was  produced  by  irregularities  in  the  dop- 
ing system  itself  and  was  not  a result  of  the  thermodynamic  re- 
actions in  the  reactor,  or  Cr  autodoping.  As  a result,  the  doping 
system  was  again  modified  by  using  smaller  diameter  tubing  to 
reduce  total  system  volume  and  tested  for  improved  response. 

In  the  meantime,  until  these  modifications  could  be  fully 
implemented,  a two-run  growth  technique  was  tried.  In  this 
scheme  the  graded  buffer  layer  was  grown  in  one  run  and  the 
active  layer  in  another.  By  doing  this  the  effect  of  the  dop- 
ing delay  could  be  eliminated  since  there  was  unlimited  time 
before  active  layer  growth.  Also,  any  possible  autodoping  by 
Cr-doped  wall  deposits  could  be  avoided.  The  results  of  this 
technique  were  unsatisfactory  however  owing  to  the  inability 
to  avoid  some  lattice-mismatch  between  the  buffer  and  the  active 
layers.  This  produced  a very  poor  interface  and  consequently 
the  material  was  judged  unsuitable  for  FETs. 

When  the  delay  in  the  doping  system  response  persisted,  it 
was  necessary  to  make  more  radical  improvements  to  the  doping 
and  the  vapor  etch  systems.  In  the  doping  system  the  doping- 
gas/dilution-gas  mixing  chamber,  which  had  simply  been  a four- 
way intersection  of  the  input  and  output  streams,  was  completely 
replaced  by  one  designed  to  force  greater  mixing  and  avoid  trans- 
ient effects.  This  was  accomplished  by  moving  the  two  inputs 
away  from  the  outputs  and  allowing  a greater  volume  for  mixing, 
as  shown  in  Fig.  17.  The  result  was  an  improvement  in  the  doping 
system  response  time  from  25  min  to  less  than  4 min. 
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EXHAUST  PORT 
1MM  DIAM. 


F igure  1 1 . K S doping  nixing  chamber. 


The  new  system  showed  very  good  repeatibility  with  respect 

to  both  response  time  and  doping  level,  and  it  produced  FET 

active  layers  with  a flat  doping  profile  for  N -N.  on  the  order 
17-3  u A 

of  10  cm  uniformly  over  the  entire  wafer.  The  modification 

to  the  vapor  etch  system  was  designed  to  boost  the  flow  of  HC1 
into  the  reactor  during  the  doping  level  equilibration  time. 

It  was  discovered  that  some  growth  was  occurring  during  this 
time,  which  was  causing  the  interface  between  the  active  layer 
and  the  semi-insulating  buffer  layer  to  be  too  wide.  It  is  cru- 
cial to  device  performance  that  this  interface  be  as  thin  as 
possible.  The  new  system  provides  a light  vapor  etch  during 
the  doping  system  response  time  by  boosting  the  HC1/ (GaCl+InCl ) 
concentration  ratio  to  ~ 3/2.  A comparison  of  the  results  of 
this  system  with  the  previous  results  can  be  seen  by  comparing 
Fig.  18  with  Fig.  16.  The  new  system  produces  a decade  drop 
in. doping  in  the  space  of  ~ 600  A which  is  comparable  to  that 
obtained  for  GaAs . 

2.3.2  Growth  Procedure  Refinements 

It  was  observed  that  the  active  layer  thickness  was  nearly 
independent  of  growth  time.  From  this  it  was  deduced  that  the 
vapor  in  the  reactor  was  severely  depleted  in  the  active  layer 
growth  position  and  growth  was  occurring  only  transiently 
after  the  wafer  was  moved  from  the  buffer  layer  growth  position. 
This  problem  was  solved  by  moving  the  active  layer  growth  posi- 
tion upstream  4 cm.  To  reduce  the  possibility  of  mismatch  be- 
tween the  active  layer  and  buffer  layer  due  to  transient  ef- 
fects, the  wafer  was  moved  to  this  position  during  buffer  layer 
growth,  9 min  prior  to  the  start  of  active  layer  growth.  Since 
these  changes  affected  the  active  layer  growth  rate,  and  since 
active  layer  thickness  must  be  very  accurately  controlled,  re- 
calibration of  this  rate  was  necessary. 
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The  active  layer  growth  rate  depends  on  several  conditions 
in  the  reactor  and  especially  on  the  substrate  position  and  the 
amount  of  wall  deposits  in  the  reactor.  Any  change  made  in  the 
buffer  layer  growth  such  as  growth  rate,  percent  In,  thickness, 
etc.  causes  a different  amount  of  wall  deposit  to  be  present 
during  the  active  layer  growth,  thereby  affecting  the  active 
layer  growth  rate.  As  the  conditions  for  the  buffer  layer  growth 
became  more  standardized  and  the  correct  position  became  known, 
the  active  layer  thickness  became  more  controllable,  allowing 
the  establishment  of  active  layer  growth  rates  of  0.05  micron/min 
for  15%  InAs  material  and  0.035  micron/min  for  18  to  19%  InAs 
material.  Once  the  active  layer  growth  rate  was  calibrated, 

FET  quality  layers  containing  up  to  19%  InAs  were  grown.  By 
using  a slow  grading  rate  of  2%/micron  in  conjunction  with  a 
slow  growth  rate,  as  explained  above,  it  has  proved  possible 
to  produce  layers  of  better  crystallographic  quality  than  pre- 
viously, even  at  the  higher  InAs  percentages.  Figure  19  shows 
the  surface  of  a 15%  InAs  layer  magnified  110x,  with  phase  con- 
trast adjusted  to  maximize  deformities.  This  layer,  which  is 
one  of  the  most  recently  grown,  has  one  of  the  best  surfaces 
yet  produced.  Step  grading  of  the  buffer  layer  was  also  tried 
in  hopes  of  producing  still  better  material.  To  date  however 
layers  produced  by  this  technique  have  shown  no  visual  improve- 
ment over  those  grown  with  slow  continuous  grading. 

The  doping  profile  of  the  InGaAs  material  has  also  been 
improved  by  experimenting  to  find  the  optimum  doping  response 
time  and  vapor  etch  conditions.  The  profile  shown  in  Fig.  20 
is  very  uniform  at  ND-NA  = 1 x 10^  for  ~ 0.2  micron  and  at  the 
interface  the  doping  drops  with  a steepness  of  1 decade  in  ~ 

700  ft.  Flat  active  layer  profiles  and  steep  interface  drop-offs 
had  been  obtained  previously,  but  not  on  the  same  wafer. 

A new  growth  procedure  has  been  developed  as  a result  of 
the  low  active  layer  growth  rate  and  fast  doping  response  in 
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the  present  reactor  system.  It  basically  consists  of  growing 
the  active  layer  immediately  after  the  buffer  layer  with  no  inter- 
mediate vapor  etch.  Layers  grown  this  way  have  a grown  interface 
approximately  as  wide  as  the  growth  rate  (~  0.035  micron/min) 
times  the  doping  response  time  (2-1/2  min),  i.e.  0.1  micron, 
with  no  possibility  of  lattice-mismatch  between  the  active  and 
buffer  layers  which  could  degrade  FET  noise  figures.  The  doping 
profile  of  a layer  grown  this  way  is  shown  in  Fig.  21. 

2 . 4 Materials  Summary 

To  summarize  the  development  of  VPE  InGaAs  under  this  con- 
tract, the  three  phases  of  the  development  will  be  briefly  re- 
viewed. The  earliest  work  concerned  the  growth  of  InGaAs  directly 
on  GaAs  by  using  a mixed  In/Ga  source  in  a standard  GaAs  VPE 
reactor . 

The  next  phase  involved  the  designing,  building,  and  operation 
of  a two-source  (InAs,GaAs)  reactor.  During  this  period  numerous 
experiments  were  made  to  determine  the  operating  conditions  of 
the  reactor.  Such  interactive  parameters  as  the  growth  rate, 
grading  rate,  grading  compositions,  growth  and  source  temperatures, 
doping  levels,  flow  rates,  and  other  factors  had  to  be  determined. 
Several  reactor  modifications  were  necessary  in  order  to  produce 
progressively  better  material.  Some  FET  material  was  produced 
during  this  time  but  reproducibility  remained  a problem. 

The  final  phase  was  entered  after  the  two  most  critical  re- 
actor flaws,  InAs  source  crust  dissolution  and  a delay  in  the 
doping  system  response,  were  corrected.  The  former  problem  was 
solved  by  the  use  of  sodium-filled  heat  pipes,  and  the  latter  by 
a redesigned  mixing  chamber.  This  greatly  enhanced  the  run-to- 
run  reproducibility  and  FET  quality  material  began  to  be  pro- 
duced more  consistently.  Work  then  focused  on  producing  material 
for  better  FETs . At  the  close  of  the  contract  InGaAs  FET  material 
was  being  regularly  produced  and  its  quality  was  steadily  improving. 
Techniques  for  further  improvements  were  already  under  development. 


Figure  21.  Doping  proi 
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3.  DEVICE  PERFORMANCE  CONSIDERATIONS 

The  ultimate  goal  of  this  contract  was  to  ascertain  whether 
or  not  InGaAs  FETs  have  a significant  advantage  over  GaAs  FETs 
with  regard  to  a lower  noise  figure  (NF)  and/or  a higher  assoc- 
iated gain  (G  ) at  a given  frequency.  However,  to  simply  fab- 
ricate  devices  and  measure  NF  and  G without  the  measurement  of 

cl 

any  other  indicators  would  not  be  too  illuminating  in  deter- 
mining where  the  problems  lie  if  such  measurements  did  not  yield 
the  desired  results.  And  even  if  the  desired  results  were  ob- 
tained, one  would  want  to  know  to  what  extent  they  were  the 
result  of  a higher  effective  saturated  drift  velocity,  a lower 
value  of  intervalley  scattering,  or  some  other  parameter.  To 
further  complicate  matters,  no  universally  acceptable  analytical 

expression  exists  for  NF . An  arduous  procedure  has  been  devel- 
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oped  for  calculating  NF  for  GaAs,  ' but  besides  the  extreme 

number  of  cumbersome  steps  required,  there  is  a heavy  reliance 

upon  empirically  determined  parameters  (e.g.  the  high-field 

diffusion  constant  chosen  to  give  agreement  between  the  theory 

and  the  experimental  data  for  NF  and  the  field  dependence  of 

the  effective  electron  noise  temperature) . A relatively  simple 
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expression  has  been  developed  for  the  optimum  noise  figure, 

but  again  it  contains  an  empirically  determined  parameter  which 

is  good  only  for  GaAs  and  unknown  for  InGaAs.  Furthermore,  it 

gives  NF  = 0 dB  if  the  parasitic  source  and  gate  resistances 

are  zero,  taking  into  account  none  of  the  noise  arising  from 

the  intrinsic  device  such  as  intervalley  scattering  noise 
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which  has  been  reported  to  be  important. 

Other  indicators  that  can  be  used  to  evaluate  the  InGaAs 
FETs  are  the  y-parameter  data  from  which  the  small-signal 
equivalent  circuit  can  be  deduced,  the  maximum  available  gain 
(MAG) , and  the  determination  of  the  effective  saturated  drift 
velocity  (v  ) in  the  channel.  Specifically  however  we  wish 
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to  answer  the  following  question:  for  an  InGaAs  FET  having  the 
same  geometric  parameters,  doping,  and  small-signal  equivalent 
circuit  as  a GaAs  FET  (except  for  the  improvements  expected  from 
a higher  value  of  v which  would  be  reflected  in  a higher  value 
of  MAG)  are  NF  and/or  G significantly  better  for  the  InGaAs  FET? 
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3.1  Effective  Saturated  Drift  Velocity  Determination 


Although  there  are  various  theories  describing  the  drain 

characteristics  of  the  FET  obtained  by  joining  the  Shockley 

gradual  channel  approximation  region  near  the  source  end  of 

the  channel  to  a velocity  saturated  region  near  the  drain  end 
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of  the  channel,  it  will  be  assumed  for  this  study  that  the 

entire  channel  is  velocity  saturated  everywhere  under  the  gate. 

It  has  been  found  that  for  the  short  gate  length  devices  fabri- 
cated (around  one  micron  or  less)  both  the  transconductance  (g  ) 
and  the  drain  current  (1^)  are  quite  accurately  described  by 
the  expressions  resulting  from  this  assumption,  and  the  resulting 
analysis  will  be  greatly  simplified. 


The  relationship  between  this  effective  saturated  drift 

velocity  and  the  velocity  values  shown  on  a velocity-field 

characteristic  is  not  straightforward  because  of  velocity 
2 3 

overshoot,  ' as  has  already  been  mentioned.  Accordingly,  vg 

will  simply  afford  an  empirical  basis  of  comparison  between 

InGaAs  and  GaAs.  For  the  sake  of  analysis,  it  will  be  assumed 

that  the  gate  length  (L)  is  short  enough  so  that  the  electric 

field  is  constant  throughout  the  channel  at  a value  above  Eg 

in  Fig.  1.  Consequently,  carrier  accumulation  and  depletion 
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regions  are  nonexistent  ' meaning  that  the  mobile  electron 
charge  (n)  is  equal  to  the  channel  doping  (N^)  throughout  the 
channel.  With  vg  and  n constant  along  the  channel,  the  gate 
depletion  depth  (w)  must  also  be  constant  as  shown  in  Fig.  22 
to  maintain  current  continuity.  For  the  general  case  of  vg 
and  Nq  varying  with  x,  1^  can  thus  be  written  as 


I 
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Id  = qZ  / ND(x)vs(x)dx 


(3-1) 


where  Z is  the  gate  width.  Thus  with  as  the  gate  voltage 


aid  a c 

gm  = W~  = qZ  Sv"  / ND(x)vs(x)dx 
a g •'w 


= qZ 


r 

Vd)Vd)  W--  VW)VW)  w*-*  / 

q q */w 


d(ND(x)Vs(x)  ) 

5v” 


dx 


= - qZN  (w) v (w) 


dw 


Dvw;vsvw;  SV~ 

g 


(3-2) 


by  application  of  Leibnitz1  rule.  An  analysis  of  the  gate  deple- 
tion region  assuming  that  in  this  region  fields  along  the  channel 
can  be  neglected  gives  the  following: 


d2V  qND(x) 


(3-3) 


av 

dx 


q 

e 


(x)dx  + A 


(3-4) 


fj  = 0 at  x = w,  so  A = § y*ND 


(x)  dx 


(3-5) 


x=w 


V 


■ * 


(x)dx  + Ax  + B 


(3-6) 


With  the  assumption  that  V=0  at  x=w  to  maintain  a constant  deple- 
tion width  along  the  gate  length  as  shown  in  Fig.  22, 


B-§ 


\ffnDU 


)dx 


- Aw 


(3-7) 


x=w 


and  so  with  a Schottky-barrier  gate  having  a barrier  height  0R, 
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V = V -d  = - 3. 
x=0  9 0B  e 


N (x)  dx  - //n  (x)dxj  + w /* N (x)dx 

x=oJJ  |x=w  J u x=w 


(3-8) 


Differentiation  with  respect  to  w gives 


55*  - - I ~/ND(x)dx|x=„+/  Nd 


(x)dx  +/  ND(x)dx  + wN_(w) 
x=w  J x=w 


“ - I WND(W) 


(3-9) 


so  Eq.  (3-2)  becomes 


SZv  (w) 
s 


(3-10) 


Ignoring  the  parasitic  sidewall  fringing  capacitance  of  the 

gate,  the  gate  capacitance  C is  given  by 

gs 


so  that 


'gs  w 


9m  _ vs(w) 

C L 

gs 


(3-11) 


(3-12) 


Another  relationship  can  be  developed  by  differentiating 
Eq.  (3-1)  with  respect  to  w and  again  applying  Leibnitz'  rule. 
This  simply  involves  replacing  by  w in  Eq.  (3-2),  giving 


= - qZND(w)vs(w)  . 


(3-13) 


If  the  doping  is  constant  with  x,  then 

*/2«  (**  b— V 


(3-14) 


and  Eq.  (3-13)  becomes 


i*- 


(3-15) 
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= - y 2€qND  Zvg (w) 


Equation  (3-15)  reveals  that  if  ID  is  plotted  as  a function  of 
~Vg'  the  resulting  slope  will  be  proportional  to  vg  so  that 
a profile  of  vg  across  the  channel  thickness  can  be  obtained 
in  much  the  same  manner  as  a mobility  profile  can  be  obtained. 

With  Nd  constant,  Eqs . (3-10)  and  (3-14)  give 


eqNr 


gm  \2  WB-Vg) 


Zv  (w) 
s 


(3-16) 


If  vg  is  also  constant  with  channel  depth,  Eq.  (3-1)  gives 


Xd  = qZNDvs (d_w) 

* <Jzndvs  (d  ' V 


26  ‘W 


qNr 


= qZN 


Ddvs(i  -4 


(3-17) 


where  V is  the  channel  pinch-off  voltage.  Equations  (3-12), 

(3-15),  and  (3-16)  all  provide  means  of  evaluating  v from 

s 

empirical  data. 


% ■ c—  L 

gs 


v = 
s 


-a  <\K-V 


Z\/2eqND 


vs  ■ >4 


2^£V 


GqNr 


(3-18! 


(3-19) 


(3-20) 


Although  Eqs.  (3-19)  and  (3-20)  are  not  independent,  Eq.  (3-18) 

requires  the  knowledge  of  C and  L in  place  of  NL  and  All 

gs  r D B 
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three  equations  evaluate  vg  at  the  gate  depletion  region  edge 
while  Eq.  (3-17)  would  be  valid  for  determining  vg  only  if  vg 
did  not  vary  across  the  channel  depth. 

3 . 2 Maximum  Available  Gain  Considerations 

Transducer  Power  Gain  (GT)  is  defined  to  be  the  power  de- 
livered by  the  FET  to  the  load  divided  by  the  power  that  the 
source  alone  could  deliver  to  the  load  if  the  load  were  con- 
jugately  matched  to  the  source.  In  terms  of  the  y-parameters 
of  the  FET46 

4 |y-  0,  |2R  (Yt  )R  ( Y„ ) 

G_  = 121  6 -L  - - — j (3-21) 

I (yll+YS^y22+YL* " y12y21^ 

where  YT  and  Yc  are  the  load  and  source  admittances  respectively. 

If  the  FET  is  unconditionally  stable,  GT  may  be  maximized  by 

conjugately  matching  the  load  and  source  to  the  FET,  giving  what 

is  termed  the  maximum  available  power  gain  (MAG)  of  the  FET. 
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Unconditional  stability  requires 


K 


2gllg22-Re  (y12y21) 


|y 


* 1, 


’ll ,y  22 


> 0 


12*21 


(3-22) 


where  g^  and  g22  are  the  real  parts  of  y^  and  y22*  Provided 
the  conditions  of  Eq.  (3-22)  are  met,  then  (Ref.  48) 


MAG  = 


21 


2gllg22~Re (y12y  21)  + V[2gllg22-Re(y12y21)]2-  <y12y21 ^ 


(3-23) 

with  the  following  source  (Yg  = Gg+jBg)  and  load  (YL=  GL+jBL) 
admittances 
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These  two  equations  can  be  combined  to  give 

1 


MAG  = 


y21 

y12 


K + yj  K2-! 


(3-30) 


which  reveals  that  and  G2  should  bring  K back  to  unity  but 
not  more,  lest  MAG  be  reduced.  Since  G^  and  G2  always  increase 
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Figure  23.  Y-parameter  model  with  lossy  admittances 
and  G ^ added  for  stability. 
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3.2.2  Gain  Maximization  Through  Feedback  Control 


So  far  the  power  gain  considerations  have  dealt  with  opti- 
mizing the  gain  by  the  use  of  optimum  source  and  load  admittances. 
But  what  if  the  FET  y-parameters  themselves  can  be  optimized? 

One  of  the  hopes  for  InGaAs  is  to  realize  a higher  effective 

saturated  drift  velocity  which  in  turn  will  increase  g and  hence 

=m 

y2i  over  that  for  GaAs , resulting  in  a higher  value  of  MAG  by 
Eq.  (3-23).  Suppose  that  g-^  and  g22  are  also  each  fixed  at 
some  particular  value.  The  only  remaining  parameter  in  Eq.  (3-23) 
is  y12 • What  is  the  desired  value  of  y^2  to  maximize  MAG?  Do 
the  parasitics  (source  resistance  Rg , source  inductance  Lg  and 
gate-to-drain  feedback  capacitance  C ^)  that  prevent  the  feedback 
parameter  y^2  from  being  zero  help  or  hurt  in  realizing  the  high- 
est possible  value  of  MAG?  If  Rg , Lg  and  C ^ are  zero,  the 
^12  = ® an<3  E<3-  (3-23)  gives 


MAG 


4gllg22 


(3-36) 


But  is  y^2  = 0 really  optimum? 

First  of  all,  if  g^  or  g22  is  negative,  then  the  criterion 
for  stability  (Eq.  (3-22))  has  been  violated,  so  it  will  be  as- 
sumed that  gi;L  and  g22  are  both  positive.  If  2g11g22  £ Re^l2y21^' 
then  instability  also  results  since  29n922  > 0 and  by  Eq.  (3-22) 

K £ 0.  If  indeed  2g^g22  £ Re  ^12^21^'  G1  an<^  G2  must  be  a(3ded 
as  previously  discussed,  so  it  will  be  assumed  in  the  following 
that  g^  and  g22  include  the  effects  of  G^  and  G2  so  as  to  give 
unconditional  stability. 


With  29n^22~Re  ^12y21  ^ > Eg’  (3-23)  reveals  that  MAG  will 
be  maximized  if  the  variable  y^2  is  chosen  so  as  to  minimize 

2gllg22-Re  (^12^21^  sub3ect  to  the  constraint  that  29n922~Re  ^y12y21  > 
cannot  be  less  than  I to  ma;'-nta;'-n  unconditional  stability. 


Thus  should  be  chosen  so  as  to  minimize  the  equation 

2gllg22  ~ Re  (y12y21}  = ly12y2li 
which  corresponds  to  K = 1.  With  the  identification 


(3-37) 


12y21) 

- A - <32lg12"b21b12 

(3-38) 

12y21} 

= B = g2ibi2+  912b21 

(3-39) 

then  Eq.  (3-37)  becomes 


2gllg22 


- A = ^A2+B2 


(3-40) 


which  is  obviously  minimum  with 

B = 0 


A = 


gllg22 


(3-41) 

(3-42) 


giving 


MAG 


ill 


max 


gllg22 


(3-43) 


which  is  6 dB  better  than  the  value  given  in  Eq.  (3-36)  where 
y12  = Tbus  tbe  proper  choice  of  the  values  of  the  parasitic 


elements  R , L , and  C . can  be  used  to  achieve  up  to  6 dB  im- 
s s gd  r 


provement  in  MAG  from  what  it  would  be  if  the  parasitic  elements 
were  absent.  Equations  (3-38),  (3-39),  (3-41),  and  (3-42)  can 

be  solved  simultaneously  to  yield  the  optimum  values  for  g^ 


and  b^2* 


g12  I " g21 
'opt 


gllg22 


b12 |_ “ "b21 


I y 2 1 ' 

gllg22 


(3-44) 


(3-45) 


• opt 
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Although  it  may  be  difficult  to  achieve  such  optimum  values 
f°r  g12  and  b^2  in  practice  in  addition  to  the  fact  that  they 
cannot  be  varied  without  affecting  the  other  y-parameters , this 
analysis  does  reveal  the  important  role  that  feedback  plays  in 
achieving  high  values  of  MAG.  To  simple-mindedly  strive  for 
a high  value  of  vg  by  going  to  InGaAs  and  at  the  same  time  to 
make  an  effort  to  cut  the  parasitics  to  zero  could  be  a goal 
that,  even  if  successfully  achieved  could  result  in  FET  perform- 
ance perhaps  inferior  to  that  achieved  with  GaAs . 

3 . 3 Small-Signal  Equivalent  Circuit  Model 

The  equivalent  circuit  shown  in  Fig.  24  is  typical  of  the 
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earlier  models  used  for  the  FET.  This  model  predicts 

= IUC  (r  +R  +R  ) / (1+g  R ) 

rr  Q r*  rr  o ' -'rn  c 


gll  ~b21 


gs  c g s 


Jm  s 


(3-46) 


"11  ^ 21 

while  for  the  InGaAs  FETs  fabricated  (and  also  for  GaAs  FETs) , 

-b. 


'21  _ , gll 
g21  bll 


(3-47) 


where  f is  a numerical  factor  that  ranges  from  2-3  as  shown  in 
Table  V. 


TABLE  V 

FET  No. 

f 

FET  No. 

f 

GaAs  38-4(Ref*50) 

3.34 

InGaAs  58-6 

3.23 

InGaAs  45-3 

2.52 

InGaAs  59-1 

1.54 

InGaAs  45-11 

3.12 

InGaAs  61-1 

3.1 

InGaAs  53-11 

2.18 

InGaAs  61-2 

2.75 

InGaAs  58-3 

1.55 

InGaAs  61-3 

3.29 
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Later  models  get  around  this  problem  by  introducing  a phase 

factor  to  g , 

3m 


-1  out 


g = g e 
^m  ^mo 


(3-48) 


which  basically  increases  b2^  by  adding  tq  to  rcCgS  • The  phys- 
ical meaning  given  to  tq  is  that  it  is  the  delay  corresponding 
to  the  time  required  to  traverse  the  gate  length  at  a velocity, 


vs,  or 


t 

O V 


(3-49) 


It  appears  however  that  this  would  not  be  an  accurate  way  of 
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determining  vg  since  data  are  given  ' which  show  a 2:1  var- 
iation in  tq  for  a number  of  devices  all  having  the  same  gate 
length.  It  is  stated  that  the  frequency  dependence  of  g^  as 
given  by  Eq.  (3-48)  is  the  result  of  the  RC-transmission  line 
character  of  the  FET.  It  would  be  better  to  actually  distribute 
the  gate  than  to  lump  this  effect  into  gm  in  order  to  remain 
as  close  to  the  physical  situation  as  possible.  A correct  model 

for  the  input  impedance  of  the  FET  is  important,  especially  in 

3 8 

determining  the  noise  figure  of  the  device. 

With  the  assumption  of  a uniformly  depleted  channel  as  shown 
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in  Fig.  22,  tx.e  gate-to-source  impedance  Z is  given  by 


Z = 


Ttanhr 


(3-50) 


r = jiuRc 


(3-51) 


where  R and  C are  the  total  channel  resistance  and  gate  cap- 
acitance, respectively.  For  RC  « 1, 


11 


= i Ttanhr  — j (uC  + | C 


(3-52) 


which  is  modelled  by  Fig  25.  If  the  total  channel  resistance  is 
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kept  the  same,  then  rc  = R and  with  C = CgS » Eq.  (3-52)  gives 


C,  = C //3  = 0-577  C 
2 gs  gs 


C,  = 0.423  C 
1 gs 


(3-53) 

(3-54) 


There  are  still  only  two  unknowns  (r  and  C ) in  contrast  to 

J c gs 

three  unknowns  (r  , C , and  t ) when  Eq.  (3-48)  is  used.  The 

c gs  o 

model  of  Fig.  25  gives 

—21  = /3  fii  (3-55) 

g21  “ll 

which  results  in  values  of  f still  a little  below  those  given 
in  Table  V.  The  assumption  of  an  input  parasitic  capacitance 
can  account  for  the  remaining  difference. 


The  addition  of  a capacitance  CQ  across  gdg  is  needed  to 
give  g12  > 0.55 

It  has  been  found  that  below  about  6 GHz  the  gate  and  drain 
bond  lead  inductances  (L^  and  L^)  can  be  ignored,  but  the  source 
bond  lead  inductance  (Lg)  cannot.  This  is  because 

b21  “ '“WW's1  (3-56> 

so  that  L enters  to  the  same  degree  no  matter  how  low  the  freq- 

s -12 
uency  is.  For  device  #53-11,  for  example,  r C_  = 8 x 10  and 

-12  c ^ 
gmLs  = 5.8  x 10  , clearly  demonstrating  the  importance  of  in- 

cluding Lg  in  the  model  no  matter  what  the  frequency  range  of 
interest  is. 

Another  feature  of  the  empirical  data  is  that  b^2  goes  th 

through  zero  at  around  8 GHz  and  becomes  positive  at  frequencies 

above  this.  Introducing  a resistance  r,  in  series  with  C , into 

f 52  53  gd 

the  small  signal  model  as  some  have  done  ' can  model  this 
behavior  for  b^2-  However  the  values  of  r^  ar«?  rather  high, 
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ranging  from  200  to  2000  ohms,  ' and  for  device  #53-11  r^ 
needs  to  be  1100  ohms  to  achieve  b^2  = 0 at  the  correct  frequency. 
Such  large  values  for  r^  do  not  seem  to  have  any  basis  in  reality. 
As  suggested  by  Fig.  26,  it  would  seem  that 

r , C . 

~ (3-57) 

c gs 

and  hence  that  r^  would  be  much  less  than  rc  uo  the  point  of  being 

negligible.  A good  physical  argument  for  rf  could  not  be  given 
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other  than  it  is  needed  in  the  model  to  fit  the  empirical  data. 


It  has  been  found  that  by  returning  the  input  and  output 
parasitic  capacitances  (C^  and  C^)  to  the  node  between  Lg  and 
Rg  as  shown  in  Fig.  27,  the  zero  crossing  of  b^2  at  ~ 8 GHz 

can  be  accounted  for.  As  discussed  previously,  is  also 
needed  to  account  for  the  slightly  higher  empirical  values  for 
f than  given  by  Eq.  (3-55) . Evidently  and  are  not  involved 
in  the  zero  crossing  of  b^2  since  x^2  (the  imaginary  part  of  the 
z-parameter  z^2)  is  independent  of  L and  L^,  and  yet  it  undergoes 
a zero  crossing  at  nearly  the  same  frequency  as  b^2.  Ignoring 
g , r , R , and  g,  , the  value  of  L needed  to  give  the  zero 

ill  b U b b 

crossing  at  a radian  frequency  of  tu  is  given  by 


1 

~2 

uTL 

s 


(c  +c.) (C  +C-) 

O 4 gs  3 

C . 
gd 


+ C +C  +C.+C. 
o gs  3 4 


(3-58) 


which  shows  that  C ^ causes  a capacitance  amplification  to  occur 
since  typically  C ^ is  less  than  either  of  CQ  or  C^.  This  in 
turn  causes  an  LC  resonance  to  occur  at  much  lower  frequencies 
than  would  ordinarily  be  expected  from  considering  the  reso- 
nating capacitance  as  simply  the  sum  of  all  the  capacitances. 


Figure  28  shows  the  small-signal  equivalent  circuit  model 
when  all  the  previously  discussed  considerations  are  incorporated 
into  the  model  of  Fig.  24. 


and  C2  together 


It  has  been  found  that  the  y-parameter  data  are  described 

in  the  2-6  GHz  range  by  g2^  and  g22  being  constant;  b^ , b2^, 

b12»  and  b22  varying  3 dB/octave;  and  g^  and  g^2  varying  6 dB/ 

octave.  Along  with  the  zero  crossing  of  t*1-*-3  will  result 

in  nine  equations  which  will  determine  nine  of  the  15  parameters 

in  Fig.  23.  With  the  y-parameters  following  slopes  of  0,  3,  and 

6 dB/octave,  L and  L,  can  be  neglected, 
g q 

form  only  one  unknown  by  the  use  of  Eqs . (3-53)  and  (3-54). 

R can  be  determined  at  dc  by  forward  biasing  the  gate  with  a 
s 

known  current  and  measuring  the  floating  drain  bias  with  an 
electrometer.  can  be  measured  in  a similar  way.  R^  is 

typically  very  small  and  is  virtually  impossible  to  measure  for 
a particular  device  either  at  dc  or  by  extracting  it  from  the 
y-parameters  since  it  is  essentially  in  series  with  rc  and  dif- 
ficult to  separate  out.  For  the  purposes  of  this  investigation 
it  will  be  assumed  to  be  negligible.  Since  R^  is  much  less  than 
the  magnitude  of  the  impedances  associated  with  C g^s,  and 
C , it  too  will  be  neglected  in  the  analysis.  This  leaves  nine 
remaining  unknowns  to  be  determined  from  the  eight  y-parameters 
and  the  frequency  for  which  x^  = 0 • 


The  attainment  of  good  y-parameter  data  was  considered  the 
weakest  link  in  obtaining  numerical  values  for  the  model  of 
Fig.  28  for  any  particular  InGaAs  FF,T.  The  y-parameters  were 
derived  from  s-parameter  measurements  taken  with  Hewlett  Packard 
8542B  Automatic  Network  Analyzers  located  both  at  Varian  and 
at  Western  Automatic  Test  Systems  (WATS)  in  Sunnyvale,  CA.  Not 
only  would  the  data  frequently  exhibit  waviness,  but  for  the 
same  device  different  results  were  obtained  from  each  analyzer 
and  different  results  were  obtained  on  the  same  analyzer  at 
different  times.  For  example,  for  one  run  of  devices  good 
^21 '^12  kut  Poor  yn'y->2  data  were  obtained  from  the  Varian 
analyzer  while  good  y11,y22  but  Poor  y2i»Yi2  data  were  ob- 
tained from  the  WATS  analyzer.  Testing  has  been  done  using  a 
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(Lower)  Pinch-off  characteristic  of  an 
InGaAs  FET,  and  (upper)  the  "saturated 
velocity  profile"  deduced  from  this. 


degrading  much  further  away  from  the  active  layer-buffer  layer 

interface  than  it  does  from  the  active  layer-substrate  interface 

(no  buffer  layer)  of  the  GaAs  FETs.  The  linearity  of  the  1^ 

plot  for  GaAs  gives  credence  to  the  validity  of  Eqs . (3-15)  and 

(3-19).  It  is  shown  in  Appendix  A that  the  'tail'  in  the  1^  vs 

0B-Vg+I^Rs  plot  is  not  due  to  the  falloff  in  the  doping  NQ,  and 

Appendix  B shows  that  it  is  not  due  to  the  device  falling  out  of 

complete  velocity  saturation  as  pinch-off  is  approached.  Figures 
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31  and  32  show  the  predicted  NF  behavior  of  the  GaAs  and  InGaAs 

FETs  for  v constant  across  the  channel  and  also  for  the  InGaAs 
s 

FET  having  the  degraded  vg  profile  shown  in  Fig.  29.  These  re- 
sults clearly  show  the  importance  of  solving  the  problem  of  v 
degradation  at  the  interface. 


To  get  a qualitative  feel  for  the  dependency  of  NF  on  v , 
assume  the  simple  noise  model  as  shown  in  Fig.  33,  where  gate 
noise  and  its  correlation  with  the  drain  noise  and  noise  due  to 
extrinsic  elements  have  been  disregarded.  The  optimum  noise 
figure  for  this  model  is 


NF 


. 2 

xnrc 

3kTB 


(3-59) 
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Using  the  simple  Drude  model,  the  thermal  noise  current  gen- 
erated by  a completely  velocity-saturated  resistor  for  fields 
greater  than  Es  (Fig.  1)  is 


(3-60) 


where  R is  the  low-field 
only  source  of  noise,  Eq. 

NF  = 1 +/ 


resistance.  Assuming  this  to  be  the 
(3-59)  becomes 

(3-61) 
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Fig.  31.  Predicted  behavior  of  GaAs  and  InGaAs  FETs 
(15%  InAs)  with  uniform  saturated  velocity 
profiles . 
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NOISE  FIGURE  CDB) 


f 


where  Tg  is  the  electron  temperature  and  Tg  is  the  source  temp- 
erature. Using  Eqs . (3-10)  and  (3-11)  and  with 


r 


c 


(3-62) 


then 


R 


(1-J) 


NF  = 1 + C 


d-5)  <5> 


V 


(3-63) 

(3-64) 


Setting  C to  give  NF  = 3.5  dB  at  = 0 as  obtained  for  one  of 
the  better  InGaAs  devices  of  run  #53  and  using  the  vg  profile 
shown  in  Fig.  29  results  in  the  NF  plot  shown  in  Fig.  34.  Also 
shown  for  comparison  purposes  is  the  NF  plot  for  GaAs  using  the 
vg  profile  of  Fig.  30  and  using  the  same  value  of  C except  that 
it  is  scaled  to  account  for  the  different  value  of  L (C  is  pro- 
portional to  L) . This  clearly  demonstrates  how  the  v profile 

s 

can  affect  the  bias  for  minimum  noise  figure. 


0 0.2  0.4  0.6  0.8  1.0 

w/d 

Figure  34.  Noise  figure  bias  dependence 

qualitatively  illustrating  the 
effect  of  interface  velocity 
degradation . 


4.  DEVICE  FABRICATION  AND  EVALUATION 


Since  device  performance  limitations  were  tied  quite  closely 
to  the  development  of  the  materials  technology,  the  device  per- 
formance results  will  be  chronicled  under  headings  denoting  the 
different  stages  of  reactor  development. 

All  of  the  device  runs  before  run  #56  used  the  device  geom- 
etry shown  in  Fig.  35  while  runs  #56  and  later  used  the  device 
geometry  shown  in  Fig.  36.  The  gate  widths  are  Z = 200  microns 
for  Fig.  35  and  Z = 150  microns  for  Fig.  36.  The  Fig.  36  geom- 
etry permitted  electron  beam  writing  of  the  gates  by  a single 
sweep  of  the  beam.  Smaller  gate  lengths  were  attainable  by 
electron  beam  exposure,  and  with  the  shorter  gate  lengths  the 
Z dimension  is  reduced  to  keep  the  gate  resistance  low.  Both 
device  geometries  had  been  previously  used  for  GaAs  FET  fabri- 
cation and  were  not  developed  specifically  for  the  InGaAs  FETs. 

6 0 

The  same  Au-Ge/Ni  ohmic  contacts  used  for  GaAs  FETs  were 
used  for  all  of  the  InGaAs  FETs  fabricated  with  the  feeling  that 
with  the  smaller  barrier  height^  specific  contact  resistance 
should  be  lower  for  the  InGaAs  FETs.  As  will  be  seen  for  runs 
#58  and  59,  the  source  resistance  was  mainly  due  to  the  source- 
gate  spacing  and  not  the  specific  contact  resistance  of  the 
metallization.  The  Schottky-barrier  gates  were  1 000-K  sputtered 
Pt  overlaid  with  2000-3000  A of  Au.  Both  Al  and  Pt  have  been 
used  as  gates  on  GaAs  FETs  at  Varian,  but  because  Pt  has  around 
a 0.1  eV  higher  barrier  height  than  Al  and  since,  as  the  In 
percentage  increases,  the  barrier  height  becomes  smaller,  Pt 
was  used.  The  fabrication  sequence  in  order  was:  mesa  etch, 
ohmic  contact  formation,  gate  deposition,  and  Au  overlay. 

All  s-parameter  measurements  were  made  with  the  device  die 
bonded  directly  onto  a microstrip  fixture.  Prior  to  run  #56 
the  power  gain  and  noise  figure  measurements  were  made  using 
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the  same  fixture.  For  runs  #56  and  later  a tunable  microstrip 
amplifier  was  used  for  the  gain  and  noise  measurements.  Initially 


some  of  the  devices  were  bonded  into  Kyocera's  ML-7  package  and 
then  tested  in  a microstrip  jig  for  gain  and  noise.  These  test 
fixtures  were  previously  used  for  testing  GaAs  FETs  and  were  not 
developed  specifically  for  the  InGaAs  FETs. 

4 . 1 Mixed-Source  System 

All  the  active  layers  grown  in  this  system  were,  of  course, 
grown  directly  on  GaAs  Cr-doped  substrates  without  an  interven- 
ing buffer  layer. 

4.1.1  Run  #38  (3.8%  In) 

The  gate  lengths  for  these  devices  ranged  from  1.3  to  1.6 
microns  and  the  channel  doping  was  7-8  x 10^  cm~^  as  shown  by 
the  profile  in  Appendix  C.  Y-parameter  data  for  several  of  the 
devices  are  shown  in  Appendix  D and  the  results  at  8 GHz  are 
shown  in  Table  VI.  Y-parameter  measurements  on  the  best  GaAs 
FETs  (run  #35A)  at  that  time  using  the  same  Fig.  35  geometry 
and  having  the  same  1.3  to  1.6  micron  gate  lengths  are  also 
included  in  Appendix  D and  shown  in  Table  VI. 


TABLE  VI: 

Y-Parameter  Performance  for 

Run  #38 

Device  # 

Power  Gain  at  8 GHz  (dB) 

g 2 2 (tnmho) 

38-2 

13.2  (MSG) 

1.0 

38-3 

14.1 (MSG) 

0.5 

38  -16 

12.2 (MSG) 

0.62 

38  -31 

14.4 (MSG) 

0.65 

35A-12 

16.5 (MAG) 

1.1 

35A-16 

13.5 (MAG) 

1.69 
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Actual  power  gain  measurements  are  given  in  Table  VII. 


Device  # 

38-2 

35A-12 


TABLE  VII:  7-GHz  Performance  for  Run  #38 


MAG  (dB) 


Minimum  Noise 
Figure  NFm  (dB) 


11.5  6.72 

12.9 


Associated  Gain 
G (dB) 

Cl 


5.4 


The  InGaAs  and  GaAs  power  gains  are  comparable , but  the  output 

conductance  g22  appears  generally  to  be  around  a factor  of  two 

lower  for  the  InGaAs  devices.  Hetero junction  confinement  which 

occurs  as  the  result  of  the  step  in  bandgap  at  the  InGaAs-GaAs 
63 

interface  acts  to  help  constrain  the  electrons  to  the  epitaxial 
(InGaAs)  layer  and  prevent  penetration  of  hot  electrons  into  the 
substrate  at  the  pinch-off  region  where  they  flow  as  a space- 
charge-limited  current.  Since  a significant  contribution  to  the 
output  conductance  arises  from  electrons  that  travel  around  the 
pinch-off  region  via  the  substrate*^  the  heterojunction  con- 
finement reduces  the  output  conductance.  This  reduction  in  g22 
causes  the  stability  factor  K to  be  less  than  unity  and  is  why 
maximum  stable  gain  MSG  is  the  appropriate  power  gain  (Sec.  3.2). 

The  frequency  at  which  MAG  is  unity  is  termed  f and  is  some- 
times  used  to  describe  FET  performance.  However,  it  ignores 
feedback,  and  with  K <■  1 it  becomes  a meaningless  figure  of  merit 
since  MSG  rather  than  MAG  is  the  appropriate  power  gain.  It  will  be 
seen  that  all  of  InGaAs  devices  fabricated — even  those  on  graded 
buffer  layers  with  no  hetero junction  confinement — have  K <•  1 
and  hence  with  regard  to  power  gain  would  not  benefit  from  a 
lower  value  of  g22*  It  may  be,  however,  that  the  hetero junction 
confinement  may  result  in  a lower  value  of  minimum  noise  figure 
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4.1.2  Run  #45  (4.3%  In) 


The  gate  lengths  for  these  devices  ranged  from  1.0  to  1.1 
microns  and  the  channel  doping  was  0.8-1x10^  cm  ^ as  shown  by 
the  profile  in  Appendix  C.  Y-parameter  data  for  two  of  the 
devices  are  shown  in  Appendix  D.  Table  VIII  summarizes  the 
devices  performance  for  this  run. 


TABLE  VIII:  Device  Performance  for  Run  #45 
1.  Y-parameter  power  gain: 


Device  # 

Power  Gain 

at  8 GHz  (dB) 

45-  3 

19 

dB (MSG) 

45-11 

15. 

5 dB  (MAG ) 

Measured  power  gain: 

Device  # 

f (GHz) 

MAG  (dB) 

45-  3 (microstrip  mounting) 

7 

14.9 

If 

10 

10 

45-  4 (ML-7 

package ) 

7 

18.7 

II 

10 

15 

45-13  (ML-7 

package ) 

7 

19 

II 

10 

15.5 

Minimum  noise  figure  measurement: 

Device  # 

f (GHz) 

NF  (dB) 
m 

Ga  (dB) 

45-  3 

4 

4.1 

7.1 

II 

6 

4.0 

6.6 

If 

8 

5.8 

6.6 

45-11 

4 

4.0 

8.5 

ff 

6 

5.0 

8.1 

fl 

8 

6.7 

3.9 

The  large  value  of  MSG  = 19  dB  for  #45-3  is  of  interest. 
Referring  to  Fig.  28,  expressions  for  <32\'  b21'  g12'  and  b12 
were  derived  assuming  for  simplicity  all  parameters  zero  except 

gm'  Cl'  C2'  Ls'  Lg ' Cgd ' c0>  Rs'  and  C4 • The  parameter  values 

were  then  iteratively  determined  to  give  the  best  fit  to  the 

y-parameter  data  in  Appendix  D.  MSG  was  then  computed  using 

Eq.  (3-35)  and  is  shown  plotted  along  with  the  measured  values 

in  Fig.  37.  Also  shown  is  the  computed  value  of  MSG  if  were 

zero  and  if  both  L and  L were  zero.  It  is  clear  that  at  8 GHz 

g s 

these  inductances  are  responsible  for  around  4.3  dB  of  gain 
through  inductive  peaking.  For  this  analysis  the  effects  of 
Lg  on  y^  were  ignored  for  the  sake  of  simplicity,  so  the  in- 
crease in  gain  due  to  and  Lg  might  actually  even  be  more. 
Basically,  increases  y2^  while  Lg  then  steers  y^  towards 
the  optimum  values  given  by  Eqs.  (3-44)  and  (3-45).  By  tweak- 
ing L and  L MSG  can  be  made  to  rise  to  23  dB,  but  by  this  time 
g s 

time  probably  K > 1 so  that  MAG  rather  than  MSG  is  the  approp- 
riate power  gain  to  use.  At  any  rate.  Fig.  37  clearly  demon- 
strates the  role  that  parasitic  elements  can  play  in  achieving 
high  values  of  gain  and  demonstrates  the  need  to  be  able  to  sort 
out  what  part  of  the  performance  is  due  to  improved  material 
characteristics  and  what  part  is  due  to  the  effect  of  parasitics. 

4 . 2 Two-Source  System 

Device  runs  #46  to  #50  were  grown  directly  on  Cr-doped  GaAs 
substrates  while  runs  #51  and  later  employed  a graded  lattice- 
matching buffer  layer  in  an  effort  to  obtain  smooth,  dislocation- 
free  active  layers.  Figures  1,  2,  and  3 of  Progress  Report  No.  4 
(June-July  1975)  show  the  active  layer  surfaces  for  In  concen- 
trations of  5.3%,  10.7%,  and  13.9%,  respectively,  clearly  demon- 
strating the  degradation  in  surface  morphology  with  In  concen- 
tration when  no  buffer  layer  is  employed. 
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Gain  dependence  on 
parasitic  inductances. 


4.2.1  Run  #46  (5.7%  In) 

The  gate  lengths  for  this  run  ranged  from  0.8  to  1.1  microns 

17  -3 

and  the  channel  doping  was  1.7  x 10  cm  . The  devices  exhibited 

quite  a range  of  variation  with  Idss  ranging  from  9 to  67  mA, 

V from  4 to  7 V,  and  g from  7 to  15  mmhos.  Y-parameter  data 
p 3m  r 

for  devices  #46-3,  46-8,  46-26  and  46-27  are  given  in  Appendix  D 
and  show  a wide  variation  in  g^ , from  0.69  to  2.18  mmhos  at 
9 GHz.  These  variations  are  greater  than  for  previous  runs  and 
are  due  to  lateral  inhomogeneities  in  the  active  layer.  Use  of 
a two-source  growth  system  raises  the  possibility  of  composi- 
tional variation  across  the  wafer  as  well  as  with  depth  into 
the  layer.  Subsequently,  a baffle  was  added  to  the  reactor  be- 
tween the  wafer  and  sources  to  enhance  mixing.  Table  IX  gives 
the  noise  figure  data  for  this  run. 


TABLE  IX:  Run  #46  Noise  Figure  Measurements 


Device  # 

46-8 

46-26 

46-27 


NF  at  8 GHz  (dB) 
m 


4.2.2  Run  #48  (13.9%  In) 

Gate  lengths  ranged  from  1.2  to  1.4  microns  and  the  channel 
doping  ranged  from  3 to  5 x 10^  cm  ^ as  shown  by  the  doping  profile 
in  Appendix  C.  The  devices  would  not  pinch-off  completely,  and 
gm  ranged  from  11  to  13  mmhos.  Y-parameter  data  for  #48-21  are 
given  in  Appendix  D.  At  8 GHz,  8.6  dB  of  gain  was  measured  in 
the  microstrip  mounting  and  9.7  dB  in  the  ML-7  package. 
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4.2.3  Run  #50  (10.7%  In) 

Gate  lengths  ranged  from  1.0  to  1.2  microns  and  the  channel 

17  -3 

doping  ranged  from  1.7  to  2.5  x 10  cm  . The  pinch-off  voltage 
was  6-8  V and  gm  was  12-13  mmhos.  Y-parameter  data  for  several 
devices  are  given  in  Appendix  D.  The  microstrip  mounting  gave 
14  dB  at  8 GHz  and  11.4  dB  at  10  GHz,  while  the  ML-7  package 
gave  17  dB  at  8 GHz. 

4.2.4  Runs  #51  and  #52  (16%  In) 

Run  #51  had  a 2.5-micron  graded  buffer  layer  and  a 0.4-micron 
active  layer,  and  run  #52  had  a 3.4-micron  graded  buffer  layer 
and  a 0.34-micron  active  layer.  The  doping  profiles  are  shown 
in  Appendix  C and  reveal  either  incomplete  compensation  by  the 
Cr  and/or  significant  growth  during  the  doping  switch  from  Cr 
to  S.  The  devices  fabricated  on  these  wafers  would  not  pinch- 
off,  had  a low  g^  (2-3  mmhos),  and  at  a drain  bias  of  around 
5 V would  form  a shorting  link  between  the  drain  and  the  source. 

4.2.5  Run  #53  (15%  In) 

This  run  had  a 2.5-micron  graded  buffer  layer  with  a channel 
17  -3 

doping  of  10  cm  . The  channel  doping  profile  is  shown  in 
Appendix  C and  shows  a steep  drop-off  into  the  buffer  layer. 
Figure  38  shows  the  drain  characteristic  of  one  of  the  devices. 

Y-parameter  measurements  for  several  of  the  devices  are 
shown  in  Appendix  D giving  gains  ranging  from  13  to  15  dB  at 
8 GHz.  Table  X summarizes  actual  measurements  made  on  the 
devices . 

The  q values  for  #53-0  and  53-11  were  measured  using  0.1-V 
3m 

steps  on  the  gate  while  the  rest  were  done  with  1-V  steps, 
thereby  giving  higher  and  more  accurate  values  of  g^. 
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Fig.  38.  15%  In  FET  drain 

characteristic . 
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TABLE  X:  Device  Performance  for  Run  #53 


(mmho) 

R 

s 

(ohm) 

MAG 

(dB) 

NF  @ 8 
m 

GHz (dB) 

Device  # 

L 

(micron) 

8 GHz 

11  GHz 

NF ^ 
m 

G 

a 

53-  0 

22 

1.33 

8 

14.5 

12.5 

4.4 

6.7 

53-  1 

18 

- 

- 

14.2 

12.6 

- 

- 

53-  4 

13 

- 

- 

13.4 

- 

4.04 

6 

53-  7 

18 

- 

- 

14.1 

12.4 

- 

- 

53-  8 

17.5 

- 

- 

14.5 

12.5 

- 

- 

53-  9 

- 

- 

- 

14.3 

12.5 

- 

- 

53-10 

17.5 

1.36 

10.3 

14 

12.6 

4.45 

7.8 

53-11 

23 

1.42 

9 

14 

12.4 

4.4 

8.4 

53-12 

17 

1.4 

- 

14 

12 

5.3 

6.7 

53-13 

17 

1.5 

- 

12.6 

- 

7.1 

5.8 

53-14 

17 

1.3 

- 

13.8 

- 

3.5 

4 

53-15 

17 

1.3 

- 

13.2 

— 

3.89 

5.7 

With  R = 9 
s 

for  #53-11  was 

gram  described 

eters  shown  in 

ohms  and  x^2=  ® at  7.7  GHz,  the  y-parameter  data 
fit  to  0,  3,  and  6 dB/octave  slopes  and  the  pro- 
in Sec.  3.3  was  used  to  compute  the  model  param- 
Fig.  28.  The  results  are  given  in  Table  XI. 

TABLE  XI:  Model 

Parameters 

for 

#53-11 

R = 
s 

9 ohms 

c 

gd 

= 

0.0145  pF 

n 

i— ■ 

ii 

0.0737  pF 

Co 

0.0305  pF 

C2  = 

0.101  p? 

C3 

= 

0.178  pF 

rc  = 

80.6  ohms 

C4 

= 

0.0674  pF 

^m 

26 . 2 mmhos 

L 

s 

= 

221  pH 

^ds 

1.12  mmhos 

The  average  drain-gate  spacing  was  around  1 micron,  but  does  get 
as  low  as  0.7  micron  in  some  places.  Equation  (34)  of  Ref.  37 
simply  gives  C ^ as  the  interelectrode  capacitance  between  par- 
allel metal  strips  on  top  of  GaAs , and  mentions  that  this  formula 
tends  to  overestimate  the  experimental  values.  Indeed  it  does, 
since  the  formula  gives  0.025  pF  while  only  0.0145  was  measured. 
This  formula  ignores  the  shielding  effect  of  the  depleted  epi- 
taxial layer  under  the  gate  (which  should  shield  the  underside 
of  the  gate  from  the  drain)  and  also  ignores  the  shielding  effect 
of  the  source  which  for  run  #53  was  symmetrically  located  on 
the  other  side  of  the  gate  from  the  drain.  When  all  of  this 
shielding  is  taken  into  account,  the  metallization  capacitance 
is  reduced  by  an  approximate  factor  of  26  to  around  0.001  pF , 
which  is  much  less  than  the  measured  value.  The  discrepancy 
can  be  attributed  to  the  Schottky-barrier  edge  capacitance  on 
the  drain  side  of  the  gate.  Evaluation  of  this  capacitance  using 
a crude  analysis  gave  a value  of  0.011  pF  which  when  added  to 
the  0.001  pF  of  the  metallization  capacitance  gives  a value  close 
to  the  0.0145  pF  actually  measured.  One  theory  has  it  that  the 
low  value  of  C ^ is  due  to  a stationary  Gunn  domain  on  the  drain 

edge  of  the  gate  which  can  extend  out  towards  the  source  a dis- 

43 

tance  of  almost  a micron.  At  any  rate,  it  would  appear  that 

C ^ cannot  be  appreciably  diminished  by  increasing  the  drain- 

gate  spacing  or  decreasing  the  gate  length  as  suggested  by  Eq. 

(34)  of  Ref.  37.  From  the  y-parameters  for  #53-11  at  8 GHz, 

the  optimum  value  of  b^  is  0.264  x 10  ^ mmhos  by  Eq.  (3-45). 

To  achieve  this,  C ^ would  have  to  be  reduced  to  0.00684  pF  if 

L were  to  remain  the  same.  Since 
s 


b.  _ as  -cuC  , + 
12  gd 


a’Ls1Cqs-fC3)(CotC4) 

’•-'”2Ls<Cgs+C3+Co+C4> 


(4-1) 


the  same  result  could  be  obtained  by  increasing  Lg  to  267  pH. 
Of  course  the  effect  on  g^  would  also  have  to  be  considered. 
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If  and  ^>22  were  optimum,  the  gain  would  be  19  dB.  Reducing 

L would  do  little  to  increase  g , but  it  would  decrease  C and 

3m  gs 

hence  g^  to  give  a higher  value  of  MSG  provided  y-^  were  optimum. 


The  channel  length  for  these  devices  is  sufficiently  long 

that  Eq.  (3-30)  may  be  in  considerable  error  if  used  to  estimate 

v . Retaining  first-order  terms  in  the  theory  of  Turner  and 
s 40 

Wilson  as  L is  allowed  to  approach  zero  gives  the  following 
expression  for  gm 


3m 


= Zv 


4 


6qND 

2(<WEsL) 


(4-2) 


(3-16)  as  L 0 


Es  is  around  3.5  x 10' 


V/cm 


which  reduces  to  Eq. 

for  1017  cm  2 doped  GaAs , and  assuming  that  the  low  field  mobility 
is  independent  of  the  In  percentage  at  least  to  first-order  (Fig.  8) 
then  by  the  model  of  Fig.  1 E should  be  linearly  proportional 

S g i 

to  v_.  With  0D=  0.68  eV  for  15%  In  and  accounting  for  the  self- 


bias due  to  I 


'B 

dss 


Rs / using 


v_  = 


SqNr 


(4-3) 


,2(*B+IdssRs+EsL 

gives  v = 2.2  x 10^  cm/sec  using  iteration.  Using  Eq.  (3-18) 
s 7 

gives  v = 2.13  x 10  cm/sec. 


To  determine  the  value  of  v for  GaAs  for  the  sake  of  com- 

s 

parison,  two  GaAs  FETs  (#SAL-90  fabricated  by  the  Solid  State 
West  Division  of  Varian  and  #35-A  fabricated  by  Corporate  Research) 
were  measured,  giving  the  data  shown  in  Table  XII. 


TABLE  XII 

: GaAs 

FET 

Data 

FET  # 

gm 

(mmhos ) 

nd 

(cm-3 ) 

L 

luml 

Z 

iitol 

■^dss 

(mA) 

Rs 

(ohm) 

V 

s 

(cm/sec ) 

35-A 

18.75 

1 . 2xl017 

1.5 

207 

41 

7 

1 . 31xl07 

SAL-90 

15 

l.lxlO17 

1.12 

192 

36 

11.3 

1 . 23xl07 
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using  0B  = 0.8  V and  Eg  = 3.5  x 103  V/cm.  It  appears  that  the  15% 

In  devices  of  run  #53  enjoy  a factor  of  1.7  improvement  in  v over 

s 

the  GaAs  devices. 


Concerning  the  noise  figure,  it  was  with  this  device  run  that 

the  phenomenon  of  velocity  degradation  at  the  active  layer-buffer 

layer  interface  as  discussed  in  Sec.  3.4  was  first  noticed.  This 

did  not  occur  until  after  runs  #54  and  55  had  been  completed, 

and  hence  no  effort  was  made  towards  solving  the  problem  for  these 

runs.  The  intent  for  these  runs  was  to  determine  vg  for  higher 

In  percentages,  decrease  L,  and  increase  the  gate-drain  spacing. 

Decreasing  L does  little  to  increase  g , but  it  does  reduce  C 

m gs 

and  hence  g^ , and  an  attendant  reduction  in  C ^ should  lead  to 
higher  values  of  power  gain.  A significant  improvement  in  NF 
should  also  be  seen. 

4.2.6  Run  #54  (18%  In) 

This  run  had  a 7.4-micron  graded  buffer  layer.  A good  doping 

profile  of  the  wafer  was  not  obtained,  but  from  pinch-off  voltage 

16  -3 

considerations  it  appeared  to  be  in  the  low  to  mid  10  cm 

range.  The  dc  drain  characteristics  of  the  devices  showed  good 

saturation  and  pinch-off  characteristics,  although  gm  was  only 

7 to  15  mmhos  with  R having  a high  value,  presumably  because 

of  the  lower  doping.  The  gate  lengths  ranged  from  1.1  to  1.3 

microns  and  the  gate-drain  spacings  ranged  from  2 to  2.5  microns. 

All  of  the  devices  would  oscillate  above  a drain  bias  ranging 

from  2.8  to  3.4  V,  making  it  difficult  to  measure  MAG  and  NF  . 

m 
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At  a drain  bias  just  below  where  oscillation  sets  in,  the  maximum 
power  gain  ranged  from  6.4  to  11.5  dB  at  8 GHz  and  4.7  to  9 dB 
at  10  GHz. 

Appendix  D gives  the  y-parameters  measurements  for  #54-5  and 
54-6.  The  noise  was  high  with  NFm  occurring  at  = 0 and  hav- 
ing a value  of  12  to  14  dB  with  Ga  being  4 to  5 dB.  Supposedly 
the  poor  results  were  due  to  the  low  doping  and  the  high  value 

Of  Rs. 

4.2.7  Run  #55  (34%  In) 

This  run  had  a 2-micron  graded  buffer  layer  and  was  grown 
18—3 

on  a 10  cm  n-type  substrate.  As  expected,  the  rf  perform- 
ance of  the  FETs  was  degraded  by  the  large  parasitic  capaci- 
tances resulting  from  the  n+  substrate.  The  wafer  was  initially 
grown  as  a dummy  run  for  calibration  purposes  at  a time  when 
there  was  a shortage  of  insulating  substrates , but  since  the 
active  layer  grown  on  it  was  far  superior  to  any  of  the  other 
high  In  percentage  runs  made  on  insulating  substrates,  it  was 
decided  to  use  it  to  at  least  determine  vg  for  the  higher  In 
percentages.  The  doping  profile  is  shown  in  Appendix  C. 

Figure  39  shows  a typical  device  drain  characteristic.  The 
gm's  ranged  from  26  to  29  mmhos , which  are  by  far  the  highest 
values  observed  to  date.  Table  XIII  summarizes  the  rf  data 
obtained  for  these  devices. 


Device  # 

TABLE  XIII:  8 

GHz  Performance 

for  Run  #55 

Ga (dB) 

MSG  From  y- 
Parameters  (dB) 

Measured 

Gain  (dB) 

NF  (dB) 
m 

55-3 

10.7 

— 

14.3 

4.8 

55-5 

— 

11 

— 

— 

55-6 

11 

11 

12 

5.3 

55-7 

11.1 

13 

— 

— 
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As  expected,  the  rf  performance  was  poor  because  of  the  para- 
sitics . 


r 

The  dc  performance,  however,  was  good,  and  using  0 = 0.4  eV 

17  -3  B 

and  ND  = 1.25  x 10  cm  , Table  XIV  summarizes  the  results  using 

Eq.  (4-4)  to  compute  v . 


TABLE  XIV:  v 

Calculations  for 

3 

34%  In 

1 

. 

^m 

L 

z 

■^dss 

R 

s 

vs 

Device  # 

(mmhos) 

(Urn) 

(Urn) 

(mA) 

(ohm) 

(cm/sec) 

55-3 

29 

1.36 

217 

48 

5.3 

1.94  x 107 

55-5 

29 

1.35 

218 

26.5 

9.3 

2.18  x 107 

55-6 

26 

1.18 

220 

25.5 

11.4 

2 x 107 

55-7 

26.8 

1.47 

216 

20.5 

10.5 

2.15  x 107 

These  results  are 

about 

the  same 

as  for  the  15%  In 

run  #53. 

The 

effect  of 

the  lower  barrier  height 

for  34% 

In  can  be  seen 

in  the  increased  gate-to-source  and/or  -drain  reverse  leakage 
current.  Typically  it  was  0.1  to  0.2  HA  at  1 V and  10  to  25  UA 
at  3 V. 

4 . 3 Two-Source  System  With  Heat  Pipes 

With  the  previous  reactor  system,  out  of  the  many  wafers  gr 
grown  only  a few  were  processed  for  FET  devices.  This  was  be- 
cause most  of  the  wafers  had  one  or  more  of  the  following  problems 
low  doping,  too  gradual  a falloff  in  the  doping  profile,  a non- 
insulat'  g buffer  layer,  hillocks  which  prevent  good  mask  contact, 
and  bad  surface  morphology  due  to  excessive  lattice-mismatch. 
Besides  the  temperature  gradient  along  the  source,  there  was  a 
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doping  delay  and  possibly  growth  during  the  switch  from  buffer 
to  active  layer  growth.  The  heat  pipes  solved  the  first  problem, 
but  the  latter  two  problems  still  persisted  with  the  new  reactor 
system  until  a new  dopant  mixing  chamber  and  better  regulation 
of  the  relative  flows  over  the  Ga  and  In  sources  during  slight 
vapor  etch  conditions  were  implemented.  Device  quality  wafers 
were  then  grown  and  steps  were  taken  to  alleviate  the  problem 
of  velocity  degradation  at  the  interface. 

Beginning  with  wafers  from  this  reactor,  all  devices  were 
of  the  geometry  shown  in  Fig.  36  and  used  electron-beam  exposure 
of  the  gates  in  order  to  achieve  controlled  exposure  of  rough  or 
hillocky  wafers,  which  cannot  be  satisfactorily  processed  by 
optical  contact  lithography.  It  incidentally  became  possible  to 
achieve  submicron  gate  lengths . 

4.3.1  Runs  #56  (8%  In)  and  #57  (9%  In) 

The  8%  In  wafer  had  a 10.7-micron  linearly-graded  buffer  layer 

followed  by  3.6  microns  of  constant  composition  buffer  layer, 

while  the  9%  In  wafer  had  6.3  microns  of  linear  grading  followed 

by  1.6  microns  of  constant  composition,  assuming  a constant  growth 

rate  with  time.  The  constant  composition  layers  were  added  to 

hopefully  improve  v at  the  interface.  The  layers  were  doped 
17  -3  s 

3-4  x 10  cm  with  the  desired  rapid  doping  falloff  at  the 
interface  as  shown  in  Appendix  C.  The  gate  lengths  were  1 micron. 

Because  of  the  high  doping,  the  layers  were  grown  thin  to 
maintain  a reasonable  pinch-off  voltage . The  gate  sputter  etch 
prior  to  the  Pt  gate  deposition  (needed  to  get  the  Pt  gate  to 
adhere  well)  removed  enough  material  to  result  in  low  current 
FETs.  Only  5 to  20  mA  of  drain  current  was  obtained.  Figure  40 
shows  the  plot  of  1^  vs  B-Vg+IdRs  and  us-i-n9  tlie  interpretation 
developed  in  Sec.  3.4  it  seems  reasonable  to  conclude  that  in 
spite  of  the  constant  composition  buffer  layers,  the  active 


layer-buffer  layer  interface  still  influences  the  channel  quality 
a significant  distance  into  the  active  layer.  Application  of 

Eqs . (3-19)  and  (4-4)  both  give  values  for  v of  only  around 

7 s 7 

0. 8-1.0  x 10  cm/sec  at  zero  gate  bias.  Since  1.3  x 10  cm/sec 

is  obtained  for  GaAs , and  since  v steadily  degrades  from  zero 

bias  to  pinch-off,  evidently  the  interface  effects  extend  all 

the  way  to  the  surface. 

Y-parameter  data  is  shown  in  Appendix  D,  giving  around  13  dB 
for  MAG  at  8 GHz.  Because  of  the  thin  velocity-degraded  layers 
Rg  was  high,  being  11.5  ohms  for  #56-2  and  17.3  ohms  for  #57-2. 

4.3.2  Runs  #58  (10%  In)  and  #59  (8.5%  In) 

Again  the  constant  composition  buffer  layer  was  used,  this 
time  with  thicker  lower-doped  active  layers.  The  10%  In  wafer 
had  a 7-  micron  linearly-graded  buffer  layer  followed  by  1 mi- 
cron of  constant  composition  buffer  layer,  while  the  8.5%  In 
wafer  had  5.8  microns  of  linear  grading  followed  by  1 micron  of 
constant  composition,  assuming  a constant  growth  rate  with  time. 
The  doping  profiles  are  shown  in  Appendix  C,  and  the  gate  lengths 
ranged  from  0.7  to  0.8  micron. 


The  devices  from  both  runs  tended  to  Gunn  oscillate  at  near 
zero  gate  bias,  possibly  preventing  attainment  of  higher  power 
gains.  Table  XV  the  rf  data  obtained  for  these  runs. 


TABLE  XV: 

8 GHz  Performance 

for  Runs  #58 

and  59 

MAG  (dB) 

NF  (dB) 
m 

G (dB) 

a 

Run  #58: 

— 

2.54 

n 

Run  #59: 

16.2 

1.86 

10 

16.9 

2.7 

11.8 

18.9 

2.05 

12.1 

— 

2.3 

12.9 
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It  thus  appears  that  even  at  8.5-10%  In  v is  still  significantly 

7 s 

higher  than  the  1.3  x 10  cm/sec  value  of  GaAs.  Because  of  the 

high  value  of  C^s , the  computation  of  vg  by  Eq.  (3-18)  results 

in  very  low  values.  A low  value  of  would  give  a high  value 

of  C , but  then  g should  also  increase  by  the  same  factor, 
gs  3m 

But  per  unit  gate  width,  g , is  about  same  as  for  #53-11. 

Figure  42  gives  a plot  of  Rg  vs  L /d  where  d,  the  channel 
thickness,  is  assumed  proportional  to  the  abscissa  intercept 
in  Fig.  41,  showing  that  Rg  is  mainly  due  to  the  source-gate 
spacing  and  not  the  specific  contact  resistance  of  the  metal- 
lization for  these  runs. 

4.3.3  Run  #60  (14%  In) 

This  wafer  had  the  last  part  of  the  buffer  layer  grown  in 
the  active  layer  growth  position  to  avoid  any  effects  that  the 
change  in  growth  position  might  have  on  the  interface  in  going 
from  buffer  to  active  layer  growth.  The  buffer  layer  was  graded 
for  12.6  microns  followed  by  1.1  microns  of  constant  composition. 
The  doping  profile  is  shown  in  Appendix  C.  For  some  unknown 
reason  the  source  resistance  was  very  high  (40-50  ohms) , re- 
sulting in  gm  compression  near  zero  gate  bias.  The  devices 
were  useless  not  only  for  rf  measurements  but  also  for  v 

s 

determination . 

4.3.4  Run  #61  (16%  In) 

As  for  run  #60,  this  wafer  also  had  the  last  part  of  the 
buffer  layer  grown  in  the  active  layer  growth  position  to  avoid 
any  deleterious  effects  that  the  change  in  growth  position  might 
have  on  the  interface.  The  buffer  layer  was  graded  for  9 mi- 
crons followed  by  1.4  microns  of  constant  composition,  0.3  mi- 
cron of  which  was  grown  in  the  active  layer  growth  position. 

The  doping  profile  is  shown  in  Appendix  C.  The  gate  lengths 
were  0.7  to  0.75  micron. 
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y0B-Vg+  ldR$  (V*) 


Figure  41. 


Pinch-off  characteristic  for 
runs  £53  and  53. 


In  general,  the  devices  are  about  the  same.  It  is  surprising 
that,  in  spite  of  the  lower  value  of  Rg  for  #58-6,  g^2  is  higher, 
resulting  in  a much  higher  value  of  CQ . Cgg  is  0.25  pF  for  all 
three  devices,  which  exceeds  by  a factor  of  two  the  computed 
value  of  0.12  pF  assuming  0 = 0.77  eV^  and  Nn  = 10"'' 7 cm  ^ . 

ID  U 

Cgs  is  even  higher  than  the  0.174  pF  value  obtained  for  #53-11, 
and  yet  the  gate  length  is  about  half  and  the  width  three- 
quarters  of  that  for  #53-11,  with  the  same  channel  doping. 

Also,  Table  XVII  that  the  gate-drain  spacing  has  little,  if 
any,  effect  on  Cgd , giving  support  to  the  arguments  given  in 
Sec . 4.2.5. 


TABLE  XVII: 


Dependence  on  Gate-Drain  Spacing 


Device  # 


Gate-Drain 
Spacing  (micron) 


58-3 

0.00845 

0.97 

58-6 

0.00692 

1.84 

59-1 

0.00752 

2.66 

For  the  determination  of  v , using  = 0.77  eV  for  run  #58 

61  ^ 17 

and  0.79  eV  for  run  #59,  ND  = 10  cm~3  and  the  slopes  given  in 
in  Fig.  41,  the  results  shown  in  Table  XVIII  are  obtained. 


TABLE  XVIII:  v Calculations  for  8.5%  and  10%  In 
s 


^m 

(mmho ) 

T 

5 

7 

"^dss 

(mA) 

Rs 

vg  (cm/ sec) 

Device# 

(dm) 

(Um) 

(ohm) 

Eg.  (4-4) 

Eq.  (3-19) 

58-2 

19 

0.83 

147.5 

22.5 

8.5 

1 . 98x10  7 

1 . 74xl07 

58-3 

18.6 

0.78 

148 

26.2 

11.2 

2.21xl07 

1.74xl07 

58-5 

20 

0.71 

148 

31 

7.5 

2.29xl07 

1.74xl07 

58-6 

21 

0.74 

148.5 

38 

4.6 

1 . 94xl07 

1 . 74xl07 

59-1 

18 

0.74 

147 

25.5 

8.6 

1 . 8 5x10  7 

1.66xl07 

100 


These  are  the  best  noise  results  obtained  for  InGaAs  so  far. 
However,  NFm  still  occurs  near  zero  gate  bias,  and  Fig.  41  shows 


the  tail  in  the  1^  vs  ^ ^B-Vg+IdRs  typically  sean  for  the  InGaAs 
FETs.  As  deduced  for  runs  #56  and  57,  evidently  the  constant 
composition  buffer  layer  is  not  able  to  completely  alleviate  the 
problem  of  interface  effects. 

Y-parameter  data  are  shown  in  Appendix  D for  several  of  the 
devices.  The  devices  were  tested  both  at  WATS  and  at  Varian, 
and  the  plots  shown  in  Appendix  D for  #58-3  illustrate  well  the 
problems  and  differences  discussed  in  Sec.  3.3.  Whereas  the 
WATS  data  give  good  g^  data  but  poor  and  ^l  ^ata'  t^ie 

Varian  data  gives  good  g2^  and  b2^  data,  but  poor  g^  data. 

The  g22  data  for  #58-5  rises  steeply  with  frequency  from  a very 
low  value  which  cannot  be  accounted  for  by  the  model  of  Fig.  28 
if  g^s  is  assumed  constant.  Perhaps  the  device  is  close  to  oscil- 
lation. Upon  measuring  Rg  and  using  the  program  described  in 
Sec.  3.3,  the  results  in  Table  XVI  were  obtained  for  the  model 


parameters  of  Fig. 

taken  from  the  best 

28.  The  data  for 

measurement. 

each  of  g^ 

, b^ , etc.  were 

TABLE  XVI: 

Model  Parameters 

for  Runs  #58 

and  59 

Device  # 

58-3 

58-6 

59-1 

Rg  (ohm) 

11.2 

4.6 

8.6 

f = 0 (GHz) 

8.5 

7.1 

8.7 

J. 

(pF) 

0.103 

0.105 

0.106 

C2  (pF) 

0.141 

0.144 

0.145 

rc  (ohm) 

14.2 

19.6 

13.5 

g (mmho) 
m 

20.0 

20.9 

21.8 

gds  (mmho) 

0.963 

1.30 

2.48 

Cgd  (PF) 

0.00845 

0.00692 

0.00752 

c0  (PF) 

0.0267 

0.0846 

0.00217 

C3  (pF) 

0.0467 

0.0322 

0.0196 

C4  (pF) 

0.114 

00.0798 

0.129 

Ls  (pH) 

132 

82.9 

115 

L 
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These  devices  also  oscillated,  making  it  difficult  to  measure 
the  rf  performance.  Table  XIX  gives  the  rf  data  obtained  for 
these  runs. 


TABLE  XIX: 

8 GHz  Performance  for  Run  #61 

Device  # 

MAG  (dB) 

NF  (dB) 
m 

G (dB) 

ci 

61-4 

61-5 

61-6 

17.8 

16 

2.4 

13 

These  results  are  about  the  same 

as  those  for  runs  #58  and  59. 

Y-parameter  data 

are  shown  in  Appendix  D for 

several  of  the 

devices.  As  was  seen  for  #58-5, 

the  plots  for  #61-1  and  61-2 

reveal  a steeply  rising  g22  with 

frequency  from  very  low  values. 

The  rest  of  the  parameter  data  seem  to  fit  0,  3, 

and  6 dB/octave 

lines  pretty  well. 

Upon  measuring  R and  using  the  program  de- 

scribed  in  Sec.  3.3, 

the  results 

in  Table  XX  were 

obtained  for 

the  model  parameters 

of  Fig.  28. 

TABLE  XX: 

Model  Parameters  for  Run  #61 

Device  # 

61-1 

61-2 

61-3 

R (ohm) 
s 

7.7 

7.7 

8.3 

f =0  (GHz) 

7.6 

7 

7.9 

xi  2 

C1  (pF) 

0.0405 

0.0525 

0.0301 

C2  (pF) 

0.0554 

0.0717 

0.0411 

rc  (ohm) 

110 

61.5 

130 

g„  (mmho) 
m 

19.1 

22.3 

18 

gds  (mmho) 

1.16 

0.117 

1.7 

Cgd  (eF) 

0.00809 

0.00691 

0.00948 

CQ  (PF) 

0.0657 

0.0802 

0.0385 

C3  (pF) 

0.121 

0.12 

0.157 

C4  (pF) 

0.106 

0.0686 

0.0932 

Ls  <PF) 

118 

121 

146 
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J<t>  B-Vg  + ldRs  (V%) 


Figure  43.  Finch-off  characteristic  for 
run  {61. 
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TABLE  XXII:  v = Computation  by  Eg,  (3-18) 


Device  # 

gm  (mmho ) 
m 

C (pF) 

gs 

L (Urn) 

vg  (cm/sec) 

61-1 

19.1 

0.0959 

0.81 

1.61xl07 

61-2  22.3 

61-3  18 

0.124 

0.0712 

0.69 

0.75 

1 . 24xl07 

1 . 9xl07 

Consistent  with  che 

linear  plot 

in  Fig.  43, 

the  minimum 

noise  figure  value  in  Table  XIX  occurred  much  closer  to  pinch- 

off  than  for  the  previous  runs.  The  2.4-dB  value  was  measured 

at  V = -1.9  V (pinch-off  is  around  -3  V by  Fig.  43)  in  contrast 

to  the  Vg  = 0 to  -0.5  V values  previously  encountered.  Because 

of  the  low  value  of  v it  is  not  certain  that  the  interface 

s 

degradation  problem  has  been  alleviated  by  the  technique  of 

growing  the  last  part  of  the  buffer  layer  in  the  active  layer 

growth  position  since  v was  not  high  to  begin  with. 

s 

4.3.5  Run  #62  (15%  In) 

This  wafer  also  had  the  last  part  of  the  buffer  layer  grown 
in  the  active  layer  growth  position.  The  buffer  layer  was  graded 
for  7.6  microns  followed  by  0.8  micron  of  constant  composition 
all  grown  in  the  active  layer  growth  position.  The  doping  pro- 
file is  shown  in  Appendix  C.  The  gate  lengths  were  around  0.5 
micron. 

The  noise  figures  for  this  run  were  high  as  shown  in  Table 

XXIII.  Oscillation  prevented  the  measurement  of  MAG.  As  was 

found  for  run  #61,  NF  occurs  much  closer  to  pinch-off  than  for 

the  previous  runs  (pinch-off  is  around  -3  V).  Indeed,  Fig.  44 

reveals  a linear  characteristic  and  hence  constant  v over  most 

s 

of  the  channel. 
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DRAIN  CURRENT  Id  (mA) 


TABLE 

XXIII:  8 GHz  Noise 

Performance  of  Run 

#62 

Device  # 

NFm  (dB) 

G (dB) 

Cl 

Gate 
Bias  (V) 

62-5 

4.75 

11.8 

-1.7 

62-6 

5.7 

8.6 

-2.1 

For  the  determination  of  v , using  0D  = 0.68  eV, 

\ So 


nd  - 10 


cm  and  the  slope  given  in  Fig.  44,  the  results  shown  in  Table 
XXIV  are  obtained. 


TABLE  XXIV: 


v=  Computation  for  Run  #62 


^m 

L 

Z 

Idss 

Rs 

vg  (cm/sec) 

Device#  (mmho ) 

(Urn) 

(Um) 

(mA) 

(ohm) 

Eq . (4-4 ) Eq . (3-19 ) 

62-4  12 

0.54 

153 

28.2 

13.8 

1.14xl07  l.llxlO7 

This  low  value 

for  v 

is  below  that 
s 

for  GaAs  and  probably  is  the 

reason  for  the 

high 

noise 

figures . 

Unlike 

for  run  #61,  the  wafer 

surface  quality  was  quite  good.  As  stated  for  run  #61,  because 
of  the  low  value  of  vg  it  is  not  certain  that  the  interface  deg- 
radation problem  has  been  alleviated  by  growing  the  last  part 
of  the  buffer  layer  in  the  active  layer  growth  position. 

One  possible  explanation  for  the  apparently  low  value  for 
vg  is  the  short  gate  length  which  is  becoming  comparable  to  the 
channel  thickness.  When  this  is  true,  the  gate  depletion  layer 
becomes  more  circular  than  flat,  requiring  more  voltage  to  de- 
plete to  the  same  depth  and  thus  reducing  g . As  an  example 
of  this,  although  #59-1  had  a gm  of  18  mmhos  and  a gate  length 
of  0.74  micron,  a device  fabricated  on  the  same  wafer  with  a 
gate  length  of  0.15  micron  yielded  a gm  of  only  6 mmhos.  Thus, 
although  the  actual  vg  may  be  higher,  the  analysis  gives  a lower 
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Figure  45.  Pinch-off  characteristic  for 
run  £63. 
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5.  CONCLUSIONS  AND- RECOMMENDATIONS 


Figure  46  shows  a summary  of  the  vg  data  obtained  using  Eq. 

(4-4),  excluding  the  results  obtained  for  runs  #61,  62,  and  63 

which  are  thought  to  be  lower  because  of  bad  surfaces  and/or  gm 

reduction  owing  to  gate  lengths  which  were  too  short  for  the 

channel  thicknesses  employed.  Values  obtained  from  Eq.  (3-19) 

essentially  agree  with  those  obtained  from  Eq.  (4-4),  while  bad 

C data  prevented  good  data  from  being  obtained  from  Eq.  (3-18). 
gs 

These  data  show  that  from  10%  to  34%  In,  InGaAs  enjoys  about  a 
factor  of  1.5  improvement  in  v over  that  for  GaAs , confirming 

w 

the  expectations  outlined  in  the  Introduction. 

Figures  47  and  48  summarize  the  best  results  obtained  for 
MAG,  NF  , and  G,  at  8 GHz  as  a function  of  gate  length.  The  data 
are  taken  from  runs  #53,  58,  59,  61,  and  63.  Also  included  are 
the  results  measured  at  Varian  for  GaAs  FETs  fabricated  by  both 

the  Solid  State  West  Division  of  Varian  and  by  NEC.  For  the 

. 17  -3 

Varian  GaAs  FETs,  the  channel  doping  is  1.5  x 10  cm  for  the 

1.0-micron  gate  length  devices  and  2.5  x 10^  cm"^  for  the  0.5- 
micron  gate  length  devices.  Generally  speaking,  these  plots  re- 
veal that  the  performance  obtained  so  far  from  InGaAs  is  about 
what  would  be  obtained  from  GaAs  using  the  same  gate  lengths. 
Thus,  in  spite  of  velocity  degradation  at  the  interface  and 
lower-doped  channels,  InGaAs  is  able  to  match  the  performance 
of  GaAs,  which  provides  a basis  for  the  expectation  that  once 
these  problems  have  been  eliminated  InGaAs  will  significantly 
outperform  GaAs.  It  is  believed  that  these  results  for  InGaAs 
surpass  those  reported  using  any  other  ternary  or  quaternary 
alloy,  or  any  binary  alloy  other  than  GaAs.  Consequently,  if 
any  effort  is  to  be  made  on  other  materials  towards  extending 
FET  performance  beyond  that  of  GaAs,  InGaAs  should  certainly 
be  among  them  if  not  foremost  for  consideration. 


Ill 
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A program  was  written  to  compute  the  values  given  by  Eqs. 
(3-32),  (3-33),  and  (3-34)  for  the  lossy  terminations  needed  to 
achieve  MSG  for  K <•  1 . When  applied  to  #61-2,  a computed  value 
of  2 ohms  is  needed  at  8 GHz  for  the  input  series  resistance  ter- 
mination to  achieve  a MSG  of  20.6  dB.  This  contrasts  with  the 
16-18  dB  values  actually  measured  (Table  XIX)  for  a 3 dB  dif- 
ference. On  the  other  hand,  the  measured  values  of  gain  agree 
with  those  computed  from  the  y-parameters  for  the  Solid  State 
West  GaAs  FETs.  When  analyzed,  the  GaAs  FETs  did  not  appear  to 
need  the  low  values  of  input  series  resistance  termination  that 
the  InGaAs  FETs  do  to  achieve  maximum  gain.  It  may  be  that  alumina 
substrates  used  in  the  microstri.p  amplifier  used  to  measure  MAG, 
NFm,  and  Ga  are  too  lossy  to  achieve  the  optimum  terminations, 
resulting  in  performance  loss  which  is  more  severe  than  for  the 
GaAs  FETs. 

It  appears  that  the  addition  of  a constant  composition  buffer 

layer  to  the  linearly-graded  buffer  layer  did  little  if  anything 

to  alleviate  the  problem  of  vg  degradation  at  the  interface. 

Although  growing  the  last  part  of  the  buffer  layer  in  the  active 

layer  growth  position  did  improve  the  vg  profile  and  cause  NFm 

to  occur  nearer  to  pinch-off,  the  device  runs  (runs  #61,  62, 

and  63)  were  plagued  with  lower  values  of  vg  throughout  the 

channel  to  somewhat  cloud  the  issue.  The  closest  NF  occurred 

m 

to  pinch-off  was  at  0.25  to  0.35  Icj//Idss'  comParec^  with  0.1  to 
0.15  I^/I^gg  f°r  GaAs  FETs.  Probably  the  most  promising  solution 
is  to  ion-implant  the  active  layer  into  the  buffer  layer.  This 
should  certainly  eliminate  any  problems  related  to  the  interface. 
Some  of  the  lowest  noise  figures  for  GaAs  are  being  obtained  by 
ion  implantation.^^ 

Efforts  were  made  to  thin  the  channel  and  raise  the  channel 
doping,  but  as  described  in  Sec.  4.3.1,  the  gate  sputter  etch 
needed  to  get  the  Pt  to  stick  removed  enough  material  to  result 
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APPENDIX  A 

DOES  THE  DOPING  FALL-OFF  GIVE  A TAIL  TO 

THE  I , vs  V0D-V  PLOT? 

a u — g 

If  it  does,  then  vs  may  not  be  as  bad  at  the  interface  as 
previously  supposed. 

Assuming  an  exponential  dependence  on  doping,  then 

SD  ■ nD0  l1  - e-X<d'x|]  (*-!> 

where  Nqq  is  the  doping  at  the  surface  (x=0) . Figure  A.l  shows 

a doping  profile  along  with  plotted  points  representing  the  fit 

17  -3 

of  Eq.  (A-l ) with  NDq  =10  cm  , d = 0.333  micron,  and  X = 

31.4  microns  The  tail  in  the  measured  doping  profile  at  the 

lower  doping  values  is  probably  an  artifact  of  the  measurement 

6 8 

caused  by  series  resistance. 


Substituting  Eq.  (A-l)  into  Eq.  (3-8)  gives 

.-Xd  2 


V -o'  = 2.  N 

g 6 1ND0 


(1  - eXw+  Jiwew)  - 'f 


Xw, 


(A- 2) 


Assuming  a constant  v across  the  channel,  substitution  of  Eq. 

S 

(A-l)  into  Eq.  (3-1)  gives 

N, 


Jd  = SZvs  -T2- 


X (d-w)  + e"X(d_w)-l 


(A-3 ) 


Substitution  of  particular  values  of  w into  Eqs . (A-2)  and  (A-3) 

gives  Vg-0B  and  its  corresponding  value  of  1^.  Figure  A. 2 shows 
the  plot  of  Id  normalized  by  qZvsNDQ/X  vs  , revealing  a 

straight  line  clear  to  pinch-off.  It  thus  appears  that  the  tail 
in  the  1^  vs  plots  is  not  the  result  of  the  doping  pro- 

file . 


A-l 


DEPTH  (MICRONS) 


Figure  A.l. 


Measured  doping  profile  and 
Eq.  (A-l)  fit. 


I 


Fig.  A. 2.  Effect  of  doping  tail  on 
■-  pinch-off  characteristic. 
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APPENDIX 


B 


DOES  THE  FET  FALL  OUT  OF  SATURATION 
AS  PINCH-OFF  IS  APPROACHED? 

Could  it  be  that  the  tail  of  the  1^  vs  yj 0g~Vg  plot  is  re- 
lated to  the  fact  that,  even  though  the  device  may  be  considered 
completely  velocity  saturated  at  = 0,  cannot  be  so  considered 
as  Vg  approaches  pinch-off? 

4 0 

Using  the  theory  of  Turner  and  Wilson, 

Id  = qNDVsZd(l-u)  , (B-l ) 


■V 


Vd^B-Vg 

V 

P 


3EsL  3u2-2u3-3t2+2t3 


V 


1 — u 


(B-2) 


(B-3 ) 


(B-4 ) 


As  an  example,  with  V = 7.4  V,  E = 3.5  x 103  V/cm  and  L = 1.0 

tr  ^ 

micron,  for  a given  value  of  0B-Vg,  t is  given  by  Eq.  (B-4),  u 
by  Eq.  (B-3),  and  then  1^  by  Eq.  (B-l).  Figure  B.l  shows  the 

-V  , which  shows  that  there  is  a 
slight  tail,  but  not  significantly  so.  For  complete  velocity 
saturation,  u = t.  Since  t £ u £ 1 , then  by  the  fact  that 
there  is  a slight  tail,  u becomes  closer  to  t as  pinch-off  is 
approached  so  that  the  FET  becomes  more  saturated  (not  less) 
at  pinch-off. 


resulting  plot  of  1^  vs  ^0 


0.2  0.4  0.6  0.8 

t 


1.0 


Figure  B* 1 . Pinch-off  characteristic 

using  the  theory  of  Turner 
and  Wilson  (?.ef . 40)  . 
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APPENDIX  D 


This  appendix  represents  a compendium  of 
y-parameter  data  for  some  of  the  devices, 


D-l 


— ■ ■ **. 


THIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 
PROM  COPY  FURNI  SiLET  TOEDC 


r C GHZ > Y1 1 (MMHO> 

Y12 

CMMHG) 

Y21 (MMHOK 

Y22CMMHQ>  , 

2.00 

.265 

2.312 

-.0  02 

-.163 

6.335 

-1  .237 

.971 

.804, 

3.00 

.039 

3.247 

-.003 

-.240 

6.575 

-1  .763 

.679 

1 . 0 38 , 

4.00 

-.167 

5.133 

.065 

-.326 

7.047 

-1 .038 

.397 

2.241  , 

5.00 

.227 

7.000 

.061 

-.330 

7 . 065 

-1  .933 

.696 

3.277, 

6 . 00 

. 656 

3.961 

. 086 

-.450 

7.797 

-2.347 

.934 

4.273, 

7.00 

.955 

11.037 

.110 

- .466 

3.318 

-3.170 

.923 

5.280, 

•3.00 

1 .533 

13.653 

.160 

-.443 

9.023 

-4.397 

1.000 

6.328, 

9.00 

2.155 

16.814 

.243 

-.440 

10.503 

-5.146 

.821 

7.686 , 

'0.00 

2.572 

22.735 

.34  0 

-.326 

12.030 

-5.551 

.471 

10.739, 

'1.00 

5.309 

50.248 

.816 

-.238 

29.915 

-4.763 

-.292 

25.497, 

12.00 

4.471 

2.629 

.070 

-.110 

-.754 

-6.306 

1 .507 

-1  .419, 

1 

F <GH2> 

IJ  <DB> 

Y MRG  <DB> 

MSG  <DB>F 

<MRX> , 

2.00 

16.505 

.6416 

0.000 

16.335 

13.37, 

3.00 

21 .633 

.3441 

0.000 

14.534 

36.21 • 

Run 

#38-2 

EG 

4.00 

13.725 

-.1055 

0.000 

13.306 

19.42, 

•EG 

5.00 

16.713 

.2256 

0.000 

12.801 

34.27, 

•EG 

6.00 

24.772 

.4339 

0.000 

12.534 

•EG 

7.00 

27.195 

.5451 

0.000 

12.696 

StSSSf 

s' 

3.00 

24.113 

.7535 

0.000 

13.240 

SStSS , 

•EG 

9.00 

16.106 

.5535 

0.000 

13. 666 

57.49. 

'EG 

10.00 

11 .536 

.0232 

0.000 

14.490 

37.74 , 

EG 

11.00 

9.218 

stsris 

0.000 

15.520 

31  .79. 

12.00 

1 .579 

fttttt 

1 .521 

0 .000 

14.39, 

1 

. 


- (GHZ 

Y1 1 <MMHO> 

Y12<MMH0> 

Y21 < MMHD) 

Y22<MMHD> 

, 

2.00 

-.353 

3.239 

.010 

-.192 

3 . 963 

-.999 

.034 

1 .797, 

3.00 

-.529 

4.298 

.015 

-.281 

9.318 

-1 .706 

-.229 

1.721, 

4.00 

.061 

6.222 

.013 

-.232 

9.600 

-2.634 

.213 

2.300, 

5.00 

.269 

8.661 

.067 

- .446 

10.377 

-3.457 

.107 

3.918, 

6.00 

.614 

11  .967 

.130 

-.530 

1 1 .409 

-4 .333 

.167 

5.544, 

7.00 

1 .976 

13.859 

.090 

-.665 

12.246 

-7.254 

.552 

5.714, 

8.00 

1 .937 

14.568 

.191 

-.405 

9.600 

-6.236 

.502 

6.204, 

9.00 

3.086 

13.759 

.196 

-.377 

9.926 

-7.277 

.483 

7.942, 

10.00 

4.911 

21 .505 

.413 

-.340 

13.043 

-10.225 

.574 

3.478, 

'1.00 

7.120 

22.460 

.526 

-.370 

11.965 

-14.591 

1 .363 

3.701  , 

12.00 

3.254 

26.349 

.562 

-.237 

9.097 

-14.395 

1 .617 

12.214, 

13.00 

21.076 

27.602 

.452 

-.432 

2.279 

-20.691 

4 .346 

12.934, 

1 

F CGH2) 

U <BB> 

K MRG  <DB> 

MSG  <DB> 

F<MPX>  , 

NEG 

2.00 

22.360 

.0253 

0.000 

16.706 

26.24, 

EG 

3.00 

30.801 

.2135 

0.000 

15.273 

tttft , 

EG 

4.00 

23.530 

.2355 

0.000 

15.477 

60.40, 

Run 

•<EG 

5.00 

16.394 

.1344 

0.000 

13.344 

33.01  , 

#38-3 

i'EG 

6.00 

14.222 

.1931 

0.000 

13.569 

30.35, 

• 'EG 

7.00 

33 . 1 05 

.6135 

0.000 

13.265 

ritss* 

NEG 

3.00 

15.516 

.5146 

0.000 

14.078 

47.74, 

'EG 

9.00 

13.931 

.7227 

0.000 

14.622 

79.53, 

•EG 

10.00 

13.979 

.4195 

0.000 

14.910 

50.00, 

11.00 

12.366 

l .7539 

9.612 

0.000 

45.68, 

12.00 

9.189 

2.4064 

7.836 

0.000 

34.57, 

13.00 

.556 

firsts 

.527 

0.000 

13 .36 , 

D-2 


- (GHZ) 

Y1KMMHQ> 

V12(MMHQ> 

Y2KMMH0) 

Y22(MMHC> » 

2.00 

.323 

2.276 

-.019 

-.183. 

6.169 

-1  .761.- 

1 .204 

1.197,* 

3.00 

.043 

3.321 

-.012 

-.254 

5.543 

-1  .907 

* .349 

1 .687, 

4.00 

.040 

5.143 

.008 

-.322 

5.569 

-2.144 

.134 

2.S49, 

5.00 

.467 

6.974 

.040 

-.396 

5.953 

-2.438 

♦ .364 

4.031  , 

6.00 

.397 

7.133 

.005 

-.424 

5.332 

-3.839 

.531 

3.587, 

7.00 

1 .265 

11.216  o 

.082 

-.505 

6.481 

-3.322 

.452  ~ 

6. '435', 

3.00 

1 .926 

13.941 

.093 

-.495 

6.936 

-4.595 

.618 

7.853, 

9.00 

3.026 

17.336 

.167 

— .462 

7.038 

-5.343 

.475 

9.536, 

10.00 

4.338 

23.735 

.301 

-.252 

9.364 

-6.056 

.271 

13.104, 

!1.00 

7.636 

43.351 

.906 

-.410 

IS. 738 

-12.914 

-.525 

30.210, 

12.00 

2.023 

1 .301 

.025 

-.101 

-1 .556 

-3.233 

.424 

-1  .636, 

F (GHZ) 

U (DB> 

K 

MAG  (DB> 

MSG  (DB)F 

( MAX  > » 

2.00 

9.641 

2.0507 

9.581 

0.000 

6 . 07 , 

- 

3.00 

19.933 

’ .3929 

0.000 

13.626 

£9.94, 

Run 

: <EG 

4.00 

23.200 

.34  06 

0.000 

12.633 

57.32, 

#38-16 

5.00 

21  .610 

.4171 

0.000 

12.031 

60.13, 

4 

s 

6.00 

13.546 

.9105 

0.000 

11.930 

23.54, 

7.00 

25.121 

.6606 

0.000 

‘ 11 .677 

\ 

3.00 

14.657 

.9569 

0.000 

12.132 

43.24, 

9.00 

13.294 

.9606 

0.000 

12.550 

73.95, 

"EG 

10.00 

12.421 

.2001 

0.000 

14.700 

41  .79, 

'■EG 

11.00 

7.524 

-.3739, 

0.000 

1 3 .606 

£6.16, 

12.00 

5.363 

5.5925 

4.948 

0.000 

22.25, 

* . N'  ■ * ! 

- J*  *<» 

r<6HZ)  Y1KMMHD) 

Y12 

Y21 ( MMH  0 > 

Y22(MMHD> , 

2.00 

.442 

5.277 

.037 

-.321 

1 0.453 

.129 

.327 

3.628, 

3.00 

.076 

5.924 

.047 

-.294 

9.930 

-.950 

.594 

3.489, 

4.00 

.316 

7.983 

.091 

-.399 

10.525 

-1 .391 

.493 

4.533, 

5.00 

.727 

10.273 

.151 

-.472 

11 .140 

-1  .749 

.549 

5.764, 

6.00 

-1  .450 

-23.169 

-1 .080 

.372 

-19.341 

-20.632 

-1 .269 

-28.013, 

7.00 

1 .364 

15.432 

.214 

-.623 

13.1 36 

-4.042 

.630 

7.711  , 

3.00 

3.211 

19.220 

.3  00 

-.507 

14.330 

-6.504 

.652 

3.993, 

9.00 

4.233 

24.042 

.443 

-.502 

17.552 

-7.209 

.720 

10.722, 

10.00 

6.436 

32.357 

.307 

-.702 

28.225 

-9.312 

-.141 

18.753, 

11.00 

17.173 

32.555 

2.322 

-.479 

73.462 

-18.723 

-.610 

.,40.702, 

12.00 

3.328 

4.557 

.112 

-.133 

-2.354 

-7.428 

.333 

-.750, 

13.00 

10.399 

22.607 

.629 

-.271 

7.040' 

-15.610 

.211 

8.010* 

1 

F (GHZ> 

U (DB> 

K 1 

MAG  <DB> 

MSG  CDB>F 

(MAY)  . 

•EG 

2.00 

30.306 

.1329 

0.000 

16.678 

65.51, 

■ 

EG 

3.00 

17.629 

-.0344 

0.000 

15.268 

£2.83, 

Run 

NEG 

4.00 

15.317 

-.0221 

0.000 

14.134 

23.33, 

#38-31 

f'EG 

5.00 

13.759 

-.0111 

0.000 

13.567 

24.37, 

"<EG 

6.00 

1 0 . 032 

-.7700 

0.000 

13.941 

19.15, 

f*EG 

7.00 

14.373 

.2280 

0.000 

13.193 

36.64, 

r’EG 

3.00 

14.131 

.3176 

0.000 

14.392. 

40  .94, 

* 

"'EG 

9.00 

12.522 

.1530 

0.000 

14.524 

33.05, 

nEG 

10.00 

9.447 

-.5544 

0.000 

14.460 

29.67* 

MES 

11.00 

3.721 

0.000 

15.049 

30.02, 

12.00 

9.326 

2.4508 

3.902 

0. 000 

37.20, 

IS) 

U! 

13.00 

14.904 

.3572 

0.000 

1 3.992 

72.30, , , 

D-3 


"'Jl  '•  1 L".ILL  11  ‘ 1 'm*mm  'w  1 


THIS  PAGE  IS  BEST  QUALITY  FRACTIOABU 

FROll'COFY  FURNISHED  TO  DDC 


'-■*  ^ w 

V 1 1 

rPtHr 

Y!?atNK7> 

V2  2 ON? 

<HO> 

Y22<  rU-'MO 

f 

2 . 0 0 

. 092 

; 990 

. !"'  ft  •?  - , I 56 

1 ~7  p 

-9 

.244 

• 76? 

c 

.775 , 

. ! 59 

. ! 3'? 

l*i  'i  * p “ “ 

13.239 

-3 

. 0: 1 9 

• 496 

0 

.932 , 

4 * •?* 

i * ' .'i— 

“ c • 

••  c; 

• 7* !-  _ 2 “ Q 

24.595 

! 9 

“7  ~ ’Tl 

# 7 X 6 

4 

.250  , 

5 . tV' 

! 1 C- 

: 4 

.9?  “ 

r ‘ i - ? — , ‘7- tr-i? 

CJ'  m I ' 6 1 

“7 

1 

. 664 

5 

.599 

9 . 0 0 

2.24! 

•-* 
L L. 

.112 

. 1 79  — . 4> 5 

29  . ! 73 

-1  3 

. 05? 

.3  04 

1 

. 767  !* 

” . 0 0 

•“  |*  •“«  ^ 

£ . 

cr  -7;  < 

.220  -.49? 

r» . x - ; 

-24 

# ft*f  9 

2 .092 

•z 

• 3 73? 

? . I?  0 

•2  .99? 

1 

."■54 

.294  -.02! 

23 .999 

- 1 X 

< C A 

£ “*  ft 

•j 

. '?•  1 c ? 

12.1 9- 

4 17- 

% ~ ♦ 

.59?  .004 

Z:  >Z-  1 *?  er 

u *.•  • . 1 

•9  r 
C 7 

1 .3.  IT 
t 4 

4 .3  .4  •-» 

A .£.•-+  £■ 

t 1 

A A 

cr  4 -7 
. _•  A 1 ? 

ft . 0 0 

39.941 

cr  cr 

.491 

1 . 2 0 0 . ! 3 0 

27 .490 

_ ere; 

,714 

1 .975 

2 1 

. 9 1 9 5 

1 . 0 0 

29  .915 

42 

cr 

1.592  -.397 

-5 .5  02 

_,e  -7 
_•  1 

.6?c 

2.110 

12 

. 073  * 

2.00 

7!  . 733 

24 

.991 

1.212  -.453 

-r*  « Q'j  « 

U i . 7?l 

-42 

4 7° 

O O O 

1*6 

.595  , 

2.00 

66 . 4‘?;? 

-4 

cr  '■p 

.97?  -.919 

s~.  ~ .7.  -3 

»Ol  u 

, .-V 

C iZ 

4 c 

• i ■- 

3 . 922 

19 

• 736  ? 

p 

('GHZ?* 

1'  pp 

V 

HP 

M? 

? -'PPO 

F( 

MPY 

> , 

29 

c * 

00 

- 

0 .599 

. 1 323 

!"l  ft  ft 

2 0 

.430 

£•  i 

.50 

• 

E*7 

ft  0 

Z‘ 

? . 1 99- 

.2017 

ft 

ft  '*1  ft 

4 i“. 
j 

#366 

42 

• •“  ft 

Run 

Z?>“ 

4 . 

00 

* 

2 . 044 

.932??? 

i'i  0 . 0 

j_5 

. 42  2 

4 .4 

i 

•:-7 

- 

00 

z 

4 .1  < ■*? 

i - 1 r 

.32:20 

0 

000 

« “7 

6 1 

# 6 3 

#35A-12 

Eh 

t£. . 

0 0 

l 

'?  • 33  0 

,4fiQ4 

0 0 0 

4 O 

.233 

59 

• 36 

“7 

• j 0 

£ 

2.943 

1 

19 

933 

<n 

.000 

94 

.9  0 

eg 

;?  . 

0 0 

t»  *7  7 

.3022 

ft 

0 0 0 

20 

. 035  • 

.97 

9 . 

0 0 

1 

5 .339 

1 .2  30:? 

1 ? 

T'T'Z! 

0 

. 0 0 0 

74 

4 

fl  „ 

ft  ft 

4 

4.702 

1 .2040 

14 

T.  p 7* 

0 

. 0 0 0 

54 

.34 

1 

4 

ft  ft 

* • 3 « *’ 

3 .4?4.0 

l' 

I- 1 7 

*■ 

.0  00 

■-  cr 
£ . 

.42 

• 

f 

A 

39 

*—  * 

00 

4.312 

3 . 1 345 

J. 

339 

0 

. 0 0 ft 

2 9 

• r’  1 

4 

A 

0 0 

2 . 459 

332333 

c 

5 04 

ft 

. 0 0 0 

4 7* 

nc 

C9HZ) 

VI  2 

( MMHG  > 

VI 2 

C riMHD  > 

V£1  M h1  M 0 J 

Y22CMMH0) , 

2.00 

1.009 

4.24  0 

-.011 

-.135 

18.399 

-4  .422 

1 .952 

1 .059, 

3 . 00 

.372 

9 . 1 59 

. 002 

-.169 

19.717 

-4  .'351 

.334 

1 .477, 

4 . 00 

.454 

3.395 

.032 

-.202 

19.9  09 

-5.403 

.917 

2.537, 

5.00 

1.172 

1 1 .922 

.074 

-.270 

17.324 

-9.322 

.368 

3.792, 

9.00 

2.135 

13.259 

.01  0 

- . 1 96 

19  .431 

-10.935 

1 .751 

3.309, 

7.00 

3.991 

19.047 

.197 

-.244 

15.000 

-15.139 

5.055 

2.776, 

•3.00 

5 .377 

24.730 

.232 

-.112 

22.352 

-13.772 

1 .993 

5.672, 

9.00 

10.214 

31 .335 

.424 

-.024 

23  ,7?6 

-17.625 

1 .344 

9.692, 

0.00 

15.777 

43.999 

.329 

- .024 

35  .400 

-25.329 

.337 

9.639, 

1 .00 

44.252 

103.954 

l .524 

.591 

73.950 

-57.937 

.759 

24.070, 

2.00 

1 4 . 353 

7.123 

.230 

-.112 

-15.909 

-14.205 

.139 

-2.531  , 

F 

(GHZ) 

IJ  CI'B) 

K 

MRG  CLP) 

M?9  ■:  D F > F 

• MftX> • 

2.00 

19.310 

1 

.9095 

19.371 

0 . 0 0 0 

13.35. 

3.00 

24.234 

.4399 

0.000 

20.217 

43.35 . 

Run 

# 35A-16 

39 

EG 

4.00 

5.00 

24.931 

24.599 

.3123 

.4594 

0.000 

0.0  00 

19.310 

13.293 

66 • 57  9 

64 . 58  • 

9.00 

14.130 

iZ 

.4397 

13.201 

0.000 

? 0.53. 

7.00 

3.504 

5 

.9530 

7.329 

0 . 0 0 0 

IS. 93. 

. . . 

3.00 

15.491 

•-v 

i_ 

.4  032 

13.493 

0.000 

47.90 • 

9.00 

17.955 

1 

.4130 

14.533 

0.000 

93 .70. 

EG  10.00 

14.53? 

- 

.0947 

0 . 000 

1 7 . 2 0 j 

53.31  . 

99  11.00 

14.321 

- 

.5339 

0 . 0 0 0 

1 7 . 7-5 

57.21 . 

1 

2.00 

1 2 . 439 

1 

.5931 

14.039 

0 . 0 0 0 

50.52. 

D-4 





_ 


A 


MAY  15 25 


VARUN  ASSOCIATES  TEST  REPORT 

FET  SER#  45-11  c.  3<?  „ 

Run  BIAS.? 3_»5.Q V QLXS_i_  .4*a_QA_M 


Y REAL  AND  IMAGINARY: 


2000  .0  0 

2500.00 


i 3500,00 

M 

wu 

5500,00 
00 


#45-11 


7500,00 

aooo . 00 


00.Q 


9500,00 
10000,00 
10500.00 
ii  niin  . f. n 

I 

11500 , 00 

il§88:88 

■130-0  0^-00 
'13500 ,00 

140 00 .00 

14500.00 


1,00 
1.33 
1.65 


10,67 


91 

17 

91 

17 

56 

31 

31 

12 

94 

75 

4 

Iir-1 


65, 

,62 

46, 

,75.  -2 

61 

02 

i 

SO 

• 

27 

11,33 


1*1*1 


FREQ 

S21 

K 

GMAX 

G1  Z MATCH  IN 

G2 

z match  out 

MHZ 

Dd 

DB 

DB  R ♦ JX 

OB 

R ♦ JX 

llil 


7 

11 

4 

12 

2 

12 

PO<> 


IBIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 

FROM  COPY  FURNISHED  TO  DDC 


' * GHZ 

> Y 1 1 < MM HO  > 

VI  2<f‘lMHD> 

YSICWHO) 

Y2£<MMHQ> 

? 

a.  oo 

.536 

3.179 
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1 1 .275 

-2.660 

1 .533 

1 

: 064  . 

4.00 

.333 

6.434 

. 037 

-.33  3 

1 1 .477 

-2.832 

3 .438 

2 

. 184  f 

5 . 00 

.315 

3.413 

.077 

-.333 

1 1 . 332 

-3  .244 

t .635 

3 

.233* 

6.00 

1 .5  0.3 

10.253 

.038 

-.437 

13.118 

-5.085 

1 .372 

4 

. 1 69  f 

7.00 

1 .333 

12.267 

.181 

-.477 

13.133 

-5  .603 

1 .917 

5 

. 396  f 

3.00 

3 .337 

14.633 

.265 

-.507 

14.352 

-7.115 

2.178 

6 

.652. 

3.00 

4.160 

17.262 

.322 

-.502 

15.533 

-10  .461 

2.124 

3 

.119. 

'0.00 

5.434 

13.333 

.435 

-.354 

16.787 

-3.736 

2.053 

9 

.788. 

'1.00 

7.333 

24.332 

.784 

-.206 

20.133 

-12.31 1 

2.673  t 

2 

.615. 

1 

F (GHZ) 

U <DB> 

K 

MflGfDB) 

MSG(BB) 

FCMRX)  . 

2.00 

14.307 

1 

.2473 

15.310 

0.000 

11 .0» 

3.00 

17.514 

.6234 

0.000 

16.435 

22.5  f 

Run 

4.00 

23.336 

.4130 

0.000 

15.414 

62 .3  » 

#46-3 

5.00 

17.771 

.6330 

0.000 

14.858 

38.7. 

6.00 

14.233 

1 

.1150 

12.330 

0.000 

30.3. 

7.00 

15.640 

1 

.0562 

13.020 

0.000 

42.4  . 

3.00 

13.321 

t 

.3566 

10.307 

0.000 

33.3* 

3.00 

13.335 

1 

.6051 

10.403 

0.000 

41  .3. 

10.00 

14.737 

1 

.5455 

11.076 

0.000 

54.3* 

11.00 

13.363 

1 

.5053 

10.450 

0.000 

54  .3* 

F '■'GHZ 

> Y 1 1 <nriHO> 

Y 1 2 

'•'21  <'MMHO) 

Y22'HhHD> 

. 

2.00 

.067 

3 . 356 

.001 

-.123 

16.042 

-2.039 

1 .017 

1 .515, 

3.00 

.553 

4.615 

.01 1 

-.177 

15.794 

-3.283 

1 .1  15 

2.a?3> 

4.00 

.463 

6.503 

.036 

-.206 

15.319 

-3.560 

.981 

2.972, 

5.00 

.853 

8.61 1 

.070 

-.211 

16.061 

-3.734  " 

1.122 

4.178, 

6.00 

1 .430 

10.568 

.104 

-.167 

17.032 

-5.327 

1 .294 

5.089, 

7.00 

1 .854 

12.932 

.131 

-.100 

17.700 

-6.254 

1 .321 

6 . 092 » 

8.00 

2.633 

15.312 

.196 

.060 

13.167 

-7.734 

1 .317 

6.926, 

9.00 

3.435 

13.078 

.296 

.254 

20.569 

-9.341 

1 .235 

7.986, 

1 0.00 

5.655 

£2.453 

.439 

.682 

23.31 7 

-10.144 

1 .386 

9 .858 » 

M .00 

7.613 

23 . 1 36 

.572 

1 .220 

26  .667 

-14.464 

1.796  12.218. 

F CGHZ) 

U <BB> 

K 

riflGfDB) 

M7G< BB> 

F(MflX)  . 

2.00 

31 .214 

. 1 362 

0.000 

21.024 

72.7. 

3.00 

21 .632 

.5751 

0.000 

19.599 

36.2. 

Dnn 

EG 

4.00 

28. 140 

.3327 

0.000 

13.772 

102.1. 

Kun 

#46-8 

EG 

5.00 

26.106 

.4349 

0.000 

13.697 

101.0. 

6.00 

29.951 

.8014 

0.000 

19.587 

1S8.7. 

7.00 

23.419 

1 .0319 

19.460 

n.  000 

134.5. 

EG 

8.00 

34.590 

.7485 

0.000 

19.830 

429.1 . 

EG 

9.00 

18.764 

.0419 

0.000 

17.631 

78.1  . 

10.00 

25.721 

.2027 

0.000 

14.964 

193.2. 

‘ EG 

11.00 

21  .631 

-.1361 

0.000 

13.524 

132.7, 

- 


D-7 


IHIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 

FR-m  COPY  FURNISHED  TODDC 


' < GHZ  > 

Y 1 1 < Mf^HO  > 

Y12(MMH0> 

Y21(MMH0> 

Y22<MMHO> , 

2.00 

.101 

3.347 

-.001 

-.170 

1 0.350 

-1  .337 

1 .517 

1.353. 

3.00  t 

.357 

4.763 

.012 

-.253 

10.562 

-2.491 

t .545 

1-393 » 

•4.00 

.424 

6.433 

.033 

-.316 

10.490 

-2.763 

1 .549 

2.972. 

5.00 

.793 

3.620 

. 093 

-.336 

11.074 

-2.9 t 2 

1 .655 

4.367. 

6.00 

1 .233 

10.664 

.140 

-.352 

1 1 .790 

-4.100 

1 .3  37 

5.492. 

7.00 

1 .331 

13.103 

.162 

-.299 

12 .051 

-4.340 

1 .396 

6 .765 » 

■3.00 

2.557 

15.567 

.274 

-.137 

12.650 

—5 .656 

1 .937 

7.940. 

9.00 

3.325 

13.352 

.414 

- . 037 

14 .205 

-6 . 3 06 

1 .9  33 

9.180. 

0.00 

5.314 

22.554 

.634 

.224 

15.720 

-7.5^4 

2.457 

1 1 .232, 

1.00 

7.570 

27.272 

.837 

.357 

17.530 

-10.777 

2.236 

13.313, 

F 

f6H2> 

U <PB> 

K 

IW6<DB> 

M3G  < DB  > 

FCMPX) , 

2 

.00 

22.736 

.3337 

0.000 

13.116 

27.6* 

3 

.00 

13.393 

.5337 

0.000 

16.324 

24.9* 

4 

.00 

19.697 

.5336 

0.000 

15.335 

33.6. 

Run 

5 

.00 

20.357 

.6495 

0.000 

15.166 

52.1  . 

#46 

-26 

6 

.00 

17.275 

.9514 

0.000 

15.176 

43.8. 

7 

.00 

14.271 

1 

.4569 

1 1 .314 

0.000 

36.2. 

3 

.00 

14.517 

1 

.7642 

11.483 

0.000 

42  .6  • 

■3 

.00 

20.211 

1 

.1035 

13.731 

0.000 

92.2. 

1 0 

.00 

13 .672 

1 

.2335 

11.227 

0.000 

48.3. 

1 1 

.00 

16.430 

.3197 

0.000 

13.545 

73.4. 

r .'G 

HZ> 

Y1 1 <HMHD> 

Y12<MMH0> 

Y21O1MH0) 

Y22(flMHa>  , 

00 

.062 

2.973 

.018  — . 1 37 

7.545 

-I  .5  36 

.672 

1 .‘9  0 4 . 

00 

.2  39 

4 .195 

.037  -.207 

7 .265 

-2.274 

• 75^ 

2.642, 

! .j  . 

i 

00 

.333 

5.762 

.059  -.253 

7.1  04 

-2.642 

.676 

3.743, 

: S . 

00 

.638 

7.708 

.127  -.265 

7.403 

-3.005 

.772 

5 . 098 , 

• 6 . 

00 

. 999 

9.421 

.170  - ,266 

7.600 

-3.914 

.3  09 

6.1  08 , 

7 

r ■ 

00 

1 .251 

1 1 .362 

.227  -.219 

7.658 

-4 .496 

.709 

7.131, 

9 . 

00 

1 .843 

13.335 

.261  —.062 

7.333 

-5.239 

.691 

8 . 024  , 

9 . 

00 

2.372 

15.785 

.339  .064 

3.68  0 

-6.626 

.337 

9 . 023 . 

’ 0. 

00 

3.357 

19.443 

.547  .319 

9.536 

-7.230 

.725 

11 .182, 

• 1 . 

00 

5.535 

24.354 

.766  .713 

1 1 .337 

-9.134 

.302 

13.519, 

F 

<GHZ> 

•J  <DB> 

K M8G<BB> 

MtGCPB) 

F'MPX) , 

EG 

2 

.00 

22.751 

.1643  0.000 

17.466 

27.5, 

EG 

3 

.00 

21  .969 

.3510  0.000 

15.591 

37.6, 

EG 

4 

.00 

13.574 

.3562  0.000 

14.647 

33.9, 

Run 

EG 

5 

.00 

15.264 

.3571  0.000 

14.349 

29.0* 

#46 

-27 

•EG 

6 

.00 

15.457 

.5041  0.000 

14.320 

35.6, 

EG 

7 

.00 

13.361 

.3661  0.000 

14.498 

32.6. 

;E6 

8 

.00 

14.341 

.3255  n.QCO 

15.452 

41  .7. 

* EG 

9 

.00 

10.624 

-.4554  0.000 

14.426 

39.6. 

. EG 

1 0 

.00 

1 1 .514 

t-,2571  0.000 

12.778 

37.6, 

•EG 

1 l 

.00 

3.730 

-.7764  0.000 

11.421 

30.1  , 

Wini  II,  » -m. 


THIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 
FROM  COPY  FURNISHED  TO  DDC 


, VII 

-.'MM  wen 

V 1 2 

C MMHP  > 

721  a-iMwm 

722  c:  WHO), 

3.03  .265 

5 . 006 

. 0 00 

-.106 

1 2 . 907 

-8.006 

1.200  1.503. 

3.00  .440 

6.301 

.012 

-.27^ 

1 1 .970 

-3.417 

1.073  1.700. 

4.00  .794 

0.304 

.047 

— “ ~ “» 

• -»•.*  » 

1 1 .902 

-3.344 

1.066  2.702. 

5.00  1.330 

12.420 

. 1 06 

• ,■  < ’ j 

12.407 

— 4 . 746 

1.172  4.H2. 

■5.00  3.220 

1 3 . 032 

. 005 

-.347 

1 1 .316 

-7.214 

1.199  3 .356  . 

7.00  3.502 

1 0 . 044 

.223 

-.345 

1 4.760 

-7.471 

1.353  6.350, 

0.00  5.000 

23.755 

.330 

-.216 

16.261 

-10. 058 

1.377  7.273. 

0.00  0.204 

20.443 

.408 

- . 035 

17.361 

-14. 099 

1.232  8.804. 

0.00  17.056 

37.234 

.330 

.105 

21 .363 

-20.650 

1.414  10.506, 

1.00  00.470 

30.413 

1 .210 

.059 

17.133 

-31 .146 

1.543  11.080, 

2.00  6O.0O0 

24.306 

1 .577 

-.488 

-4.192 

-40.704 

7.621  15.579, 

F 03HZ> 

U a>fn 

Y Mft'KEm 

ft  76  f DP  > 

F-rrwo , 

- 

2.00 

22.630 

.3757 

0.0  00 

19.067 

27.1  . 

3.00 

20.511 

.5107 

0.000 

16.499 

31.3. 

4.00 

21 .470 

.5643 

0.000 

15.655 

47.4  . 

Run 

5.90 

22.774 

.6535 

0.000 

15.332 

63.3. 

#48-21 

6.00 

1 4 . 320 

1 

.4  020 

1 1 .040 

0.000 

31  .2. 

7.00 

16 .210 

1 

. 3248 

12.636 

0.000 

45,2. 

3.00 

15.055 

t 

.7260 

1 1 .098 

0.000 

45.3* 

0.00 

16.321 

1 

.3674 

12.845 

o.o  on1 

58.9. 

10.00 

15.366 

1 

.1107 

1 3.355 

0.000 

58.7, 

1 1.00 

10.672 

1 

.6505 

9.027 

o.o  on 

37 .6 . / 

12.00 

.076 

I'll.*** 

.064 

n.ono 

♦ *5  Am 

D-9 


THIS  PASS  is  BEST  QUALITY  FRAJIAC'ALIL. 
from  COPY  FURNISHED  10  DDC 


n«ta>TS 
10  DECEMBER  1975 

VArian  ASSOCIATES  TEST  REPORT 

pet  tests,  common  source  — 

ser»  so-i  Run 

8lAS«  3.50  volts.  #50-1 

V REAL  AND  IMAGINARY! 


2000.00 

.10 

3.07 

1.  • 36 

-1.84 

.01 

-.27 

1.3. 

1.59 

2500.00 

.22 

3.79 

1<.61 

• 2.60 

.02 

-.33 

l.«l 

1.88 

3000.00 

.43 

4.70 

14.  94 

-3.45 

.02 

-.40 

1.52 

2.32 

3500.30 

.69 

5.46 

IS.  26 

-3.85 

.03 

-.45 

1.62 

2.69 

4000.00 

.64 

6.52 

15.84 

-4.13 

.06 

“-.50  “ 

1.64 

3.24 

450C .00 

.76 

7.77 

16.4  7 

-4. 95 

.09 

• .56 

1.71 

3.95 

5D00.UC 

1.13 

9.98 

16.76 

-6.27 

.09 

• . 60 

1.61 

4.62 

5530.30 

1.07 

10.20 

17.22 

-6.77 

.14 

-.63 

1.75  - 

5.26 

6009.00 

1.56 

11.86 

17.81 

•7.31 

• 17 

• .66 

1.80 

6.14 

6500.00 

2.13 

13.28 

16.06 

-6.61 

.19 

• .68 

1.98 

6.98 

•7000.00 

2.40 

14.87 

18.47 

-9.67 

.24 

-.69“ 

— 1.89  — 

— 7.84 

7500.30 

2.92 

16.31 

19.16 

-10.72 

.29 

-.70 

2.04 

8.61 

6300.03 

3.43 

17.91 

18.61 

-11.53 

.31 

• . 65 

2.03 

9.37 

3500. CD 

3.57 

1*.62 

18.84 

-11.64 

.34 

-.60 

2.06 

10.20 

9000.00 

4.72 

21.50 

20.16 

-12.52 

.27 

• .36 

2.69 

10.95 

9530.00 

5.77 

23.00 

20.69 

-14.17 

.52 

-.26 

2.74 

11.33 

19009.09 

6 . V9 

25.00 

20.50 

•16.03 

7*9 

..17  - 

— 2.75 ~ 

12.30 

10500.03 

8.37 

25.94 

19.69 

-17.19 

.82 

-.23 

2.94 

12.50 

11000.93 

9.91 

28.00 

19.84 

-18.69 

.82 

-.11 

2.39 

13.14 

115)0. CO 

10.39 

29.09 

19.09 

-20.50 

— .89 

-.01 

2 54  - 

13.80 

12300. OC 

11.70 

30.03 

18.12 

• 22.12 

.93 

.09 

2.25 

13.94 

12500.90 

12.87 

31.56 

17.2S 

-23.50 

1.00 

.19 

1.62 

14.73 

'.3039. 03  ' 

15.50 

33.31 

15.94 

-26.91 

— 1.05 

.24 

1 . 39 

15.34 

13500.33 

19.91 

35.31 

13.56 

-31.50 

1.05 

.39 

1.21 

16,41 

14000.39 

2 4.9# 

36.31 

10.86 

-35.37 

.82 

.86 

.24 

18.28 

1450C.00 

35.19 

39.00 

5.93 

-34.06 

2.65 

5.55 

6.53 

26.53 

15C90.CC 

45.19 

18.47 

-11.59 

-53.31 

2.15 

• 4.30 

3.84 

13.20 

1550C.09 

49.19 

-.35 

-36.50 

-43.31 

-1.29 

•2.66 

3.25 

17.72 

16000. CC 

34.12 

-13.44 

-45. l« 

-14.02 

•27  97- 

739— 

57  95— 

“18.00 

95ASMATS 

10  OECE-BER  1 975 


V AR  I AN  ASSOCIATES  test  report 
PET  TESTS,  common  SOURCE 

SERA  50-1 

91 *Sa  3,50  VOLTS. 


2300.00 
2500. 3C 

3000.00 

3500.00 
4C00 .00 
450C  .00 
53  DO  a C 0 
550<?  .O'? 
600C.30 
6500.90 
70CC.J0 
7500,0'' 
p»DOO,CO 
9533  .00 

9000.00 
9500,93 

10000.3C 

13500.00 
11030.03 
11590. CO 

12300.00 
*.2500,05 

3000.00 
13500.33 
14390. 3C 

14503.30 
15000. CC 

15530.30 
16300.90 


S2l 

K 

GMIX 

Cl 

Z match  In 

C2 

l hatch  OUT 

:$ 

08 

09 

r ♦ 

JX 

OB 

R ♦ 

JX 

2.5 

.15 

24.6 

15.9 

12.5 

307.4 

6.2 

272.7 

352.0 

2.5 

.25 

21.6 

13.1 

16.1 

247,7 

6.0 

222.7 

318.4 

2.6 

.39 

18.5 

10.3 

20.6 

199.0 

5.6 

174.4 

275.4 

2.6 

.46 

17. 1 

9.2 

20.7 

170.7 

5.3 

146.7 

248.0 

2.7 

.38 

17.1 

9.1 

15.4 

143.6 

5.3 

111.3 

223. 0 

2.9 

.41 

16. A 

9 .* 

13.4 

120.7 

5.1 

65.4 

193.4 

2.C 

.57 

1A.6 

7.1 

14.6 

104.3 

4,9 

70.6 

170.7 

2.9 

.46 

l5  . A 

7.5 

11.0 

92.2 

5.0 

55.9 

156.4 

2.7 

.54 

l«.i 

8.4 

U.« 

79.1 

5,0 

44.4 

137.9 

2.4 

.75 

12.7 

5.6 

12.1 

70.3 

4.7 

38.9 

123.0 

2.3 

.73 

12-7 

5.4 

10.9 

62.9 

5,0 

30.6 

112.7 

2.2 

.82 

12.1 

5.0 

10.9 

57.0 

4.8 

27.5 

103.3 

1 ,ii 

.97 

11.5 

4.8 

10.5 

52.0 

4.9 

23.7 

96.7 

1.3 

1.37 

13. A 

2.6 

42.8 

5.5 

81.9 

1.1 

2.30 

io-e 

7.7 

41.3 

15.6 

79.9 

1.1 

1.69 

11.5 

5.3 

38.8 

10.6 

79.2 

.7 

1.45 

11.7 

4.1 

35,6 

— 

8.6 

74.1 

.2 

1.66 

10. 1 

5.6 

33,4 

9,2 

72.5 

.3 

1.24 

12.2 

3.9 

31.2 

4.3 

70.5 

» t j 

1.45 

11.0 

4.7 

29.8 

6.2 

- 67.8 

-.1 

1.26 

11.8 

3.5 

28.8 

4.6 

67.7 

- ,4 

.64 

9.9 

3.2 

10.3 

26.7 

7.0 

7.4 

64.2 

D-10 


IHIS  PAGE  IS  BEST  QUALITY  FRACTIOAKU 
FROM  COrY  FURNISHED  TO  DDC 


- ‘ 

' < GHZ 

> yikhmhco 

A Y12<TMMHD> 

.0*  Y21  fMMW0> 

YZ2<’MMHD>  . 

2.00 

-.193 

3.513 

> .000 

-.106 

.112.890 

-2.153 

.474 

1 .242. 

3.00 

.151 

4.935 

> .001 

-.153 

12.422 

-3.436 

.644 

1 .651 » 

4.00 

.074 

6.768 

.H  .004 

-.203 

1 1 .885 

-3.824 

.564 

2.561 . 

5.00 

.648 

8.976 

. 038 

-.211 

12.649 

-4.222 

.798 

3.674. 

i? . 00 

.974 

1 1 .613 

.072 

-.223 

13.274 

-4.945 

.725 

4.752* 

7.00 

1 .496 

14.448 

.109 

- . 1S5 

13.981 

-5.764 

.646 

5.920* 

3.00 

3.037 

17.436 

.165 

-.142 

15.457 

-7.465 

.853 

6.966* 

9.00 

4.290 

19.422 

.215 

-.080 

16.139 

-9.966 

1 .495 

8.136*  ! 

0.00 

4.819 

23.663 

.275 

.057 

17.263 

-12.082 

.981 

9.091  * 

1 .00 

4.656 

27.630 

.352 

.349 

19.480 

-7.482 

-.678 

10.048. 

2.00 

18.898 

27.806 

.818 

.392 

15.053 

-28.705 

4.445 

10.452* 

F <GHZ> 

U <DB> 

K 

MRGCDBV 

MSGCBB> 

FCM8XY . 

. 7 i 

EG 

2.00 

26.582 

.0308 

0.000 

20.922 

42.7. 

jt  V'  1 

3.00 

26.602 

.3615 

0.000 

19.247 

64.2. 

EG 

4.00 

-36.531 

.3193 

0.000 

17.896 

268.3. 

Run 

5. 00 

30.196 

.5072 

0.000 

17.938 

161,7. 

#50- 

5 

•EG 

6.00 

22.876 

.4684 

0.000 

17.813 

83.5. 

EG 

7.00 

19.961 

.4519 

0.000 

18.467 

69.7. 

8.00 

31  .657 

.9923 

0.000 

18.956 

306.2. 

9.00 

14.739 

2 .3394 

12.697 

0.000 

49.1  . 

'EG 

10.00 

37.490 

.6790 

o.nno 

18.753 

749.1  . 

EG 

11.00 

10.280 

n.ooo 

16.243 

85.9, 

12.00 

5.634 

4.9090 

5.654 

o.nno 

23.0. 

- 

CGHZ 

> YllCMMHO 

Y!2<MMH0> 

Y21CMM80> 

Y22<MMHD>  . 

2.00 

-.209 

2.937 

y .008 

-.093 

” » 1 2 . 339 

-2.033 

-.032 

1 .282, 

3.00 

.!  06 

4 . 033 

o.y  .008 

-.138 

> 1 1 .801 

-3.188 

.140 

1 .572. 

4.00 

.053 

5.509 

V*'  . 033 

-.163 

1 1 .245 

-3.369 

-.003 

2.495. 

5.00 

.512 

7.348 

. 077 

-.189 

1 1 .918 

-3.716 

.269 

3.721  , 

5.00 

.714 

9.343 

l*  .127 

-.220 

12.526 

-4.203 

.207 

4.842, 

^.00 

1 .134 

1 1 .390 

.159 

-.234 

13.091 

-4.842 

.058 

6 . 056 , 

>.00 

1 .975 

13.467 

.21  0 

-.200 

14.300 

-5.889 

.467 

7.293. 

>.00 

2.968 

15.625 

.243 

-.091 

15.337 

-7.927 

1 .133 

7.840. 

).00 

3.395 

18.617 

.474 

.024 

17.563 

-9.959 

-.136 

9.135. 

: .oo 

2.286 

22.122 

.572 

.220 

17.367 

-6.714 

-1 .487 

10.548, 

‘.00 

13.650 

22.1 16 

.929 

.133 

17.991 

-20. 132 

4.003 

11.635* 

F CGHZ> 

U <I»B> 

K M86<DB> 

MSGfDB) 

Ff MflX> . 

6 

2.00 

26.364 

.0910 

0.000 

21 .254 

41  .6. 

G 

3.00 

26.443 

.2191 

0.000 

19.480 

63.0. 

G 

4.00 

19.591 

.0901 

0.000 

1 8 . 482 

38.2. 

Run 

6 

5.00 

16.922 

.0260 

0.000 

17.860 

35.1  . 

#50-12  1 

G 

6.00 

14.687 

-.11 02 

0.000 

17.165 

32.5. 

G 

7.00 

13.698 

-.2050 

0.000 

16.929 

33.9. 

* 

G 

8.00 

14.420 

.0028 

0.000 

17.267 

42.1  . 

G 

9.00 

23.006 

.8315 

0.000 

18.231 

127.2. 

6 10.00 

10.474 

-.9903 

o.ooo 

16.292 

33.4. 

5 

1.00 

7.918 

ttstts 

o.ooo 

1 4 . 826 

27.4. 

12.00 

6.644 

3.5542 

6.1 62 

0.000 

25.8. 

THIS  PAGE  IS  BEST  QUALITY PRACIIOABU 
/RUM  20 rY  FURNISHED  TO  DDC 
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«»|m  ASSOCIATES  test  REPORT 

f£t  tests,  comhon  source  : 

SERR  ss-r' 

91  AS*  3,50  VOLTS, 


T REAL  And  InAGINARTI 


Run 

#53-1  ~] 


2000.00 

.2» 

4.37 

21.28 

•2.94 

2500.00 

.52 

5.49 

21.59 

*3.99“ 

3000. CO 

.59 

6.81 

21.97 

•5.31 

3500.00 

1.12 

7. 99 

22.62 

•5.93 

<000 .00 

1.34 

9.59  ' 

23.50 

•6.63' 

4500.00 

1.73 

11.42 

2«  .50 

•8.06 

5ooo. rc 

2.53 

13.22 

2*. 75 

•10.47 

5500.00 

2.69 

15.27 

25.19 

•11.23 

6000.00 

3.74 

17.69 

26.26 

•12.45 

6600.00 

5.16 

19.79 

26.59 

•14.66 

7300. CO 

6.25 

21.72 

"26.75  ' 

“•16.-69- 

7500.00 

7.53 

24.03 

28.19 

•18.97 

5000.00 

*.«2 

26. 2S 

27.34 

-20.75 

8500. PO 

" 10.66 

29.06 

27.87 

-21.62 

9300.00 

13.48 

31.97 

29.66 

•25.00 

9500 .CO 

16.53 

34.12 

29.91 

-29,41 

10000 .00  ~ 

"22.19 

35.5  0 

_27.53“ 

"-34 .31' 

10500  .OC 

25 .22 

32.31 

24.25 

-37.37 

11000.00 

27 . 3 7 

35.00 

22.00 

•41.61 

11500.00 

_ 31.<< 

35.12 

18.56 

"-46.19“ 

12300.00 

36.75 

32.87 

12.22 

-51.00 

*,25  00.00 

40.69 

29.22 

3.62 

-53.75 

13530.00 
1*000.00 
usee.oo- 
isooo ,co 

15500.00 
1S00CS0'' 


.63 

.09  —1.71- 

6 .77  l 

.79 

.15  1.67 

7.44 

.88 

.30  2,07 

7.67  1 

. rri9 

.45  ir96 

8731 

1.40 

.33  2.27 

8.55 

9.76  I 
10.67 
11775 


9548.ATS 

‘ 

— 1 

10  0ECE»8E8  i9»5 

VARIAN  ASSOCIATES 

TEST 

RERORT 

FET 

TESTS. 

CO HH0N 

SOURCE 

SERI 

i 53-1* 

_ 

BUS.  3.50 

volts 

, .00  NA 

RISES 

S21 

X 

0 MU 

Si 

Z hatch  In 

02 

Z hatch  out 

1 

'M  Z 

03 

OB 

08 

R ♦ 

US 

08 

R .♦  JS 

2000. OC 

5.9 

.19 

26.0 

12.6 

1«.3 

218.4 

7.6 

239.6  467,7 

2500. CO 

5.6 

.29 

23.1 

10.0 

17.1 

172.9 

“ 7.3 

216.0"  *oo;o“ 

3000  .CC 

5.7 

.46 

20.5 

6.1 

iS.5 

138.5 

6.7 

176.8  340.2 

3500. CO 

5.7 

.51 

19.5 

7.3 

16.9 

118,0 

6.4 

153.7  303,1 

1 

*000.00 

5.7 

.48 

19.0 

'7.0 

13.8 

98.5 

6.3 

122:9  272  ."3 

4500  .,CC 

5.7 

.‘5 

18.1 

A. 3 

12.6 

82 , 6 

6,0 

96.9  237.5 

5000. CO 

5.4 

.79 

16.1 

5.3 

13. A 

70.6 

5.4 

68.5  206.6 

5500.00  ' 

5.3 

.62 

16.* 

5.4 

10.8 

61.4  - 

5.8 

78 ,4  206 1 2 

6C00.0C 

5.0 

. 9C 

15.5 

4.6 

11.2 

52.5 

5.9 

59.6  164.4 

6500.00 

4.6 

1.74 

15.0 

8.1 

42,9 

36.0  156.4 

‘ 7300.00 

4.4 

1.19 

16.9 

3.7' 

39.2 

1176 — 154.1  - 

7500.00 

4.3 

1.12 

17.0 

2.6 

36.2 

6,9  142,8 

eaoo  ,oc 

3.7 

1.49 

1*  . 7 

5.4 

33.8 

19.8  138.9 

•500.00 

3.3 

.74 

13.1 

3.5 

10.1 

30.2 

- 6.2 

"“28.0  " 131.6 

""“'I 

9000.00 

3.2 

.71 

12.6 

3.3 

10.1 

26,6 

6.0 

24.4  U0.7 

9500.00 

3.1 

.86 

12.0 

3.1 

10.4 

23.8 

5.8 

2*. 3 113.9 

loeoo.oo 

2.6 

'“.69 

11.6 

2.7 

11.3 

20.5- 

"6.3- 

— IB .3  — 104.7“ 

10500.00 

2.5 

1.06 

13.« 

2.8 

23. « 

,7  106.2 

liooo.oc 

2.6 

.51 

11.6 

2.3 

12.3 

17.9 

6,6 

15.4  96.9 

11500. CO  - 

2.6 

.35 

12.2 

' 2.2 

12.5 

13.9 

“7.4 

10.9  91.7 

1 

12000  .00 

2.5 

.31 

12.5 

1.9 

13.5 

13.6 

6.1 

8,7  87.8 

? 2500.00 

2.5 

.16 

13.7 

1.7 

14.6 

11.7 

9,3 

5.5  81.9 

3000.00 

" 2.3" 

.01 

“15.2 

~ 1.3  " 

“16.7' 

6 . 5 11.6 

— 3.0 — 76  rr 

13500.00 

1.9 

.09 

16.1 

.9 

20.0 

3.6 

13.3 

1.7  69.3 

1*000.00 

1.2 

-.38 

1.7 

.5 

24.7 

4.4 

.0 

-.9  61.4 

1*500.00 

-3.5 

1.91 

~ 2.4 

22i7 

- 20.0  — 

7.9 45.5 

15000.00 

•1.8 

2.24 

.5 

15.9 

-t.e 

61.5  62.2 

15500.00 

2.0 

1.31 

8.4 

10.8 

•16.3 

14.5  89.3 

D-12 


C05H2 

V11CMMHD> 

Y12<HPIMQ) 

Y21 CMMHQ) 

Y22<MMHD> , 

2.00 

-.189 

4.711 

.005 

-.176 

19.931 

-3.234 

.080  1.303, 

3.00 

.351 

6.429 

.021 

-.263 

21 .070 

-4.396 

-.209  1.627* 

.4.00 

.217 

8.365 

.051 

-.311 

21 .026 

-6.118 

.234  • 2.535,* 

5.00 

1.034 

1 1 .944 

.095 

-.373 

23.233 

-3.581 

.296  3.136, 

■5.00 

2.210 

16.127 

.172 

-.396 

25.726  . 

-13.499 

.596  4.687, 

7.00 

4.620 

19.170 

.206 

-.432 

26.726 

-21 .770 

.940  5. 095, c 

3.00 

3.313 

19.510 

.233 

. -.095 

• 19.334 

-16.854 

.229  5.533*‘ 

. 9.00 

3.210 

25.303 

.429 

-.010 

- 20.621* 

-21 .401 

.497  7.251*’ 

.461  7.335,* 

10.00 

12.590 

28.167 

.701 

.129 

22.061 

-31.711 

•1.00 

17.372 

23.374 

1 .117 

.117 

12.934 

-41 .635 

.816  7.612,5 

.529  1 1 .321  * 

2 . 0 0 

22.311 

32.316 

1 .075 

.153 

1 .549 

-32.724 

1 

F <GHZ> 

0 <DB> 

K MPG  <BB> 

MSG  <DB^> 

FOIflX)* 

- '*  .iJ 

'EG 

2.00 

29.410 

.1226 

0.000 

20.612 

59.09, 

. ' % ‘ 'I 

'EG 

3.00 

23.473 

.1212 

0.000 

19.139 

44  .75 » 

■ .9.-  » ^ w 

'■EG 

4.00 

20.660 

.1357 

0.000 

13.420 

43 . 16 , 

Run 

#53-9  • 

'EG 

5.00 

19.053 

.1719 

0.000 

13.093 

44.83, 

-EG 

6.00 

13.231 

.2342 

0.000 

13.281 

48  .95 « 

i 

'EG 

7.00 

23.932 

.7632 

0.000 

13.577 

, 

' ’EG 

8.00 

16.348 

-.1917 

0.000 

19.991 

52.54, 

'•EG 

9.00  . 

16.565 

- . 0363 

0.000 

13.404 

60.60, 

ES 

10.00 

15.304 

-.2830 

0.000 

17.339 

61  .69, 

■M 

1 1.00 

37.232 

.1993 

0.000 

15.897 

ilM-t , 

12.00 

14.265 

.4703 

0.000 

14.795 

62.00, 

I 

J.0  0{CE*>B69  1975  . 

V Aft  {AN  ASSOCIATES  test  ftfiftOftT 

TCT  TESTS.  CO*.ON  SOURCE  ' “ 1 


SER*  ,S*10  D„„ 

9 1 AS*  3.50  VOLTS. KUn 


Y REAL  i 

INO  I HAGJ  NARY | 

#53-10 



fREC 

11 

21  • 

12 

27 

2000.00 

.21 

4.06 

20.19 

-2.72 

.01 

-.22 

!'  1.11 

1.37 

2300.00 

.42 

5.11 

<0.59 

•3.82 

.02  ' 

-.27 

1.17 

1.61  | 

300C  .00 

.75 

6.29 

20.87 

-5.05 

.02 

•.31 

1.30 

1.97  1 

3500,00 

.93 

7.33 

21.50 

•5.65 

.04 

-.35 

1.40 

_|i« l 

4000.00 

1.09 

8.76 

22.3« 

-6.20 

:o6 

-.38 

1.43 

4500.00 

1.40 

10.37 

23.22 

-7. 46 

.09 

-.*2 

1.48 

3.26 

5000.00 

2.3? 

12.  C3 

23.59 

-9.44 

.09 

•.44 

1.57 

3.82 

5500.00 

2.16 

13.67 

24.44 

•10.44 

~ -14  ' 

' • . 44 

' ' 1.50- 

— 4.33 1 

6000.00 

2.99 

15.75 

25.20 

-11.56 

.16 

••44 

1.57 

3.10 

5500. CO 

3.66 

17.62 

25.66 

•13.50 

.21 

-.43 

1.81 

3.76  | 

7oou.ce 

4 . 7n 

19.56' 

' 25.67 

-15.55 

.27 

•.40 

1.68 

8.47  " 

7500.00 

5.07 

21.44 

26.78 

-17.31 

.34 

-.36 

, 1.63 

7.10 

soon. 00 

6.57 

23.  «1 

26.19 

•18.59 

.38 

••30 

/ 1.65 

7.75 

9503.00 

7.94 

25.56 

26.50 

-19.12 

.44 

'••14 

1.69 

• .31  i 

9000.00 

9.66 

24.39 

26.22 

-21.62 

.56 

-.04 

. 2.09 

9.17  I 

9500.00 

11.65 

29.01 

28.47 

-24.91 

.69 

.09 

2 44 

9.67  | 

10300.00 

■ 14.67 

31.62' 

“27.03 

“-26.47 

.79 

.22 

2759 

“Iir.52 

lOsOn.no 

16. 2* 

31.37 

24.62 

-29.53 

.99 

.35 

2.69 

10.53 

11000  . oc 

ie.i9 

34.87 

24.91 

-32.25 

1.16 

.50 

2,04 

11.09 

11500.00 

21.91 

35.50 

24.97 

•36.44 

1-34 

.57 

1.99 

12.06 

12000. CO 

25.09 

35.37 

21.91 

•41.62 

1.49 

.62 

1.95 

12.41  | 

i**50o.  :o 

27.59 

35.19 

17.06 

-44.37 

1.57 

.59 

1.50 

13.17  j 

13033.00 

33.31 

34.12 

9.56 

-49.67 

1 .64 

.54' 

.91 

13.84 

13500.00 

39.31 

29.31 

-2.20 

-52.12 

1.45 

.48 

.52 

13.23 

1*00.30 

43.36 

23.78 

-11.17 

-50.87 

.86 

1.01 

-.21 

17.3, 

1*503 . 30 

<A.5l 

15.39 

-23.97 

-39.12 

.36 

4.41 

— 3.58  ~ 

23.36  — 7 

15009.00 

*6.12 

-12.31 

•39.19 

•45.44 

5.43 

•6.80 

7.71 

7.21  i 

15530. J0 

31.37 

•13.00 

•43.69 

•21.91 

.04 

•2.62 

1.71 

IS.  52 

15300.30 

' 21.77 

-12:96 

'-37.62' 

-4.54 

•.98 

-.14' 

J715  16,01 

rt4«NlTS  “~V  * 1 
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VAft I AN  ASSOCIATES  TEST  *EftO*T 


CET 

tests. 

COhMoH 

SOURCE 

SER« 

33-10 

BIAS.  3.50 

VOLTS, 

. .00  HA 

r«CC 

S21 

K 

GMAI 

01  \ 

E hatch  IN 

02 

: n/tc 

H OUT 

m *2 

39 

08 

09 

R * 

JX 

DB 

R ♦ 

J«  | 

200C.C0 

5.4 

.18 

25.* 

13.5 

12.9 

233.8 

6.8 

303.9 

*06.6 

2,0". 05 

5.* 

.33 

22.6 

10-7 

18.3 

183.2  " 

6,5 

231.2 

366  6 8 

sooo^c 

6.3 

. 4 1 

19.6 

5.5 

18.8 

149.2 

6.1 

202.0 

316.0 

350 J . 07 

3.3 

. 16 

16. V 

7.8 

17.2 

128.1 

5 , 6 

17..0 

284.4 

4000.35 

5.4 

.44 

18.6 

7.5  “ 

13.9 

107.2 

3.7' 

136.1 

256.2 

450"  .CO 

5.4 

.81 

17.7 

6.9 

12.7 

90. « 

5.3 

106.2 

225.4 

5000.00 

5.2 

.’2 

16.1 

H.8 

13.7 

77.5 

3.3 

83.3 

200.4 

5500.00 

3.3 

• 9? 

16.4 

3.6 

11.2 

68.6 

9.4 

” 69,9 

185.4 

60  jo  ,oc 

5.C* 

. 74 

15.* 

5.1 

11.3 

59.1 

3.3 

33.4 

163.7 

6500.00 

4.6 

1.03 

I6.0 

.9 

46.3 

13.0 

131.2  1 

7003.00 

4 . * 

1.01 

17.4 

■ 2.0 

41.9 

• . 0 125.0  « 

7531. C6 

4.5 

i.ll 

16.1 

4.1 

38.6 

9.7 

117.2 

3.6 

1.26 

15.0 

3.0 

35.8 

11.5 

111.5 

8400. cr 

3.3 

1.36 

14.9 

4.0 

34,2 

il»7- 

10  8 , 6 

6303. CO 

3.2 

1.25 

15.0 

3.* 

31.6 

9.0 

100,8 

65O  ) , 00 

3.3 

1.  '1 

14.0 

4.4 

30.0 

6.9 

97,0 

10003.00 

■ 2.3 

l.‘>r  * 

12.6 

5.5 

27.6 

9,6 

89,5 

10500.30 

2-1 

1 . * 1 

12.3 

4.7 

•?7 . 5 

8.5 

69.0 

;iqc*.oo 

2.1 

.5* 

11.6 

3.0 

10. « 

22.5 

6.5 

11.6 

81.4 

115  JO . 00 

2.1 

.51 

11.7 

2.7 

li.i 

20.. 

6,9 

9.3 

74,8  I 

1200". 00 

2.2 

.50 

11.6 

2.5 

11.8 

18,8 

7.0 

6.7 

72.0 

12500. OC 

1.9 

.34 

12.1 

2.3 

12.3 

17.3 

7 , 9 

6.4 

66.3 

13c  30.  if 

1.9 

.21 

13.1 

2.0  ' 

13.2 

14.5 

9.3' 

4.3 

65. 4 

13500.00 

1.? 

.2* 

13.9 

1.9 

15.1 

12.1 

10.8 

2.7 

60.9 

1400' . 

1.3 

* . 06 

2.6 

1.3 

16.9 

10.3 

.0 

• 1.5 

34.7 

1*500.00 

•1.6 

-.71 

9.1 

1.2 

17.5 

9.9 

7.7 

38,6 

1**03.00 

1.1 

1.4fe 

4.3 

9.3 

•1.4 

71.0 

80.3 

1550?. OC 

2.6 

1.30 

9,4 

9.7 

•14.8 

9.1 

72.0 

l60C0.no  ' 

2.0“ 

2 . ne 

8.7 

34.3 

-33.3 

r.i 

61.1 

D-14 
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VAR! AN  associates  test  report 
TET  tests.  CO"«ON  source 


SER*  53*11 

BIAS*  3.90  VOLTS. 


T REAL  AND  INAQINARTI 


Run 

#53-11 


T RE  0 

11 

21 

ir 

27 

2000.00 

.23 

*.27 

21.72 

•3.00 

.01 

-.20 

1.00 

1.33 

'2500.00 

.*8" 

“ 5.36 

22.22 

-<•29 

“ ;o2 

1.24 

1.09 

1755 

3000.00 

.81 

6.61 

22.99 

• 9.69 

.02 

-.29 

1.21 

1.90 

3900.00 

1 .08 

7.73 

23.16 

-6.34 

.04 

-.32 

1.32 

_*tl» 1 

4300,00 

1.25 

9.25“ 

2*  .09 

36783 

.07 

■“•■73  5' 

1.32 

2.61 

*500.00 

1.59 

10.98 

25.22 

•8.37 

.09 

-.37 

1.41 

3,17 

5000 .00 

2.31 

12.72 

25.96 

*10.59 

.11 

-.39 

1*50 

3,73 

3500.00'“ 

“2.48“ 

14.53 

26.44 

*11.75 

.15  — 

“•“38 

1745' 

— 4,23 

6000.00 

3,*1 

16.78 

27.44 

-13.12 

.19 

-.37 

1.54 

•5.00 

6500.00 

*.39 

16.69 

27.81 

-15.28 

.22 

*.37 

1.77 

5.70 

T000.00' 

*“5.52 

“20.78“ 

28.00' 

•177  66 

.26 

•730' 

1.77 

6.35 

7500.00 

6.70 

22.47 

28.75 

-19.37 

.35 

-.24 

1.88 

6,98 

aooo.oo 

T.«l 

2*.66 

28.87 

•21.28 

.24 

-.12 

2.15 

7.64 

■8500.00  ' 

■~e.78“ 

26.97  ' 

28.81 

-21.94 

.55 

“•10 

2702" 

8 6 0 6 I 

9000.00 

10.81 

29.53 

30.59 

*24.44 

.71 

.20 

2.21 

6.96 

9500.00 

12.95 

31.19 

30.87 

•28.34 

.85 

.32 

2.60 

9.37 

10000700 

“16.06“ 

"32.94“ 

“29.06 

•32.37 

— 1.05 

746' 

4.49  10.14 

10500.00 

18.4* 

32.75 

26.53 

-3«.31 

1.2« 

.51 

2.66 

10,67 

11000.00 

20.2? 

35.19 

25.41 

-37.69 

■ l.«0 

.66 

2.30 

11.03 

11500.00  “ 

22.91 

35.69' 

23.12 

.40.94 

1.55 

““.73 

2,167 — 11.80 1 

12000.00 

25.91 

35.81 

20.25 

-44.06 

1.66 

.62 

1.87 

12.19 

12500.00 

28.59 

35.62 

16.28 

•46.56 

1.76 

.89 

1.45. 

13.06 

.3000.00 

3*. 75' 

' 34.94  ' 

“ 8.87 

-52.37 

1.95 

799' 

.89  13T9Z 

13500.00 

*1.3? 

29.78 

-3.46 

-54.87 

2.05 

1.19 

.63 

15.44 

1*000.00 

*5.1* 

23.03 

-13.42 

-50.12 

2.31 

2.8* 

1.03 

18.78 

1*500.00  * 

47.50 

5.23 

*25.44 

'-5*. 50 

«.*1 

•3.89' 

3 .26 

"“10,41  | 

.15000.00 

39.56 

-4.39 

-39.37 

-37.19 

.91 

*2.17 

.70 

15.05 

15500.00 

29.69 

-9.16 

•43.31 

-19.47 

-.38 

-.75 

1.80 

17,56 

16000. 0C“ 

21.3* 

'-7.8* 

-35.75 

“ -3.86 

-1 .19 

“1.52 

37  0 9“ 

— 17,81 

rtABhATS 
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VARIan  ASSOCIATES  TEST  RERORT 

f6t  tests,  common  source 


SER*  93*11 
BIAS*  3.90  VOLTS. 


.00  HA 


TRgO 

S21 

K 

GPAX 

01 

2 HATCH  IN 

02 

Z HATCH  OUT 

| 

. MN2 

OR 

08 

08 

R ♦ 

M 

08 

* ♦ 

JX 

1 

2000.00 

6.1 

.19 

26.4 

13.2 

12.9 

223.0 

7,2 

30*.3 

439.1 

2500.00 

6.1 

.30 

23.2 

10.3 

16.6 

176,8 

6,6 

257.0 

391.8 

3000.00 

6.0 

.47 

20.6 

8.3 

18.4 

1*2,4 

6,3 

205.9 

332  .* 

350G  .00 

5.9 

.50 

19.4 

7.4 

17.4 

121.3 

6.0 

179.9 

299.6 

i 

4000  . oc 

6.0 

.45 

19.1 

7.1 

13.9 

101.6 

5.9 

136.9 

269.5 

4500.00 

6.0 

.51 

IB. 2 

6.5 

12.8 

85.5 

5.7 

108.2 

234.0 

5000  . CO 

5.6 

.74 

16.6 

5.4 

13.6 

73.2 

5.4 

69.4 

207.0 

■5*00.00 

5.8  ' 

~ .65 

16.9 

5.3 

11.2 

64.6 

5.6 

70.8' 

191.8  ' 

— ! 

6300. CO 

5.5 

.79 

15.8 

4.8 

11.3 

55.4 

3.5 

56.2 

167.6 

6500.00 

5.1 

1.11 

16.7 

3.6 

44.0 

14.3 

136.5 

1 

7000.00 

4.9 

1 . 33 

13,8 

5.2' 

*0.2 

20 . 0 130  • 1 

7500. CO 

4.7 

1.34 

13.6 

5.5 

37.5 

16.5 

122.9 

8000.00 

4.4 

2.78 

13.9 

7.6 

35.6 

24.7 

116.6 

■8500.  CO 

3.9  ' 

.65 

13.4 

3.8 

9.9 

33.3 

5.7 

24.0" 

111.7 

“ 1 

9COO.OO 

3.7 

.75 

13.0 

3.6 

9.8 

29.7 

3.7 

20.3 

100.2 

l 

9500.00 

3.6 

,«3 

12.2 

3.4 

10. 0 

27.3 

3.2 

20.6 

94.1 

iooco.se 

3.2 

"69  ~ 

'11.9 

3.1 

■ 10.5 

—24.6 

5,8' 

— 16. S' 

“87.1— 

10500.00 

2.7 

.#1 

10.9 

2.7 

11.5 

23.2 

5.4 

15.9 

82.1 

11000.00 

2.7 

.45 

11.6 

2.9 

10.6 

21.4 

6.2 

12.2 

79.6 

11500.30 

2.4 

.41 

11.7 

' 2.7 

ll.o 

19.8 

6,6 

10.0' 

*74.6 

1 

12000.00 

2.3 

.30 

12.1 

2.5 

11.5 

18.3 

7.3 

a.o 

72.2 

12500.00 

2.1 

.11 

13.0 

2.4 

U.» 

17.0 

8,6 

5,3 

67,6 

3030.00 

' 2 . * 

-".07 

1*.6  ' 

'2.1 

12.5  14,4 10,3 

3.1 

63.6  ' 

13500.00 

1.6 

-.36 

15.2 

1.8 

l*.l 

11.7 

11.9 

2.0 

57.7 

14C0C.CC 

.2 

-.11 

lb. 5 

1-5 

15.4 

10.0 

16.6 

.5 

*6.8 

1*500.00 

1.3 

1.79 

4.9 

. _ 

' 11.2 

“ 3.7 

— 32.3' 

— 69,2 

-j 

15000.00 

2.6 

1.35 

10.1 

9.7 

•4,9 

6.6 

68.9 

1 

15500.03 

2.7 

2.60 

10.5 

23.7 

•17,8 

5.7 

'58.7 

16303.00 

1.5  * 

1.19 

10  .i 

137.T 

■ s.r 

3 *2 

52.4 

D-15 
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VARJan  ASSOCIATES  TEST  report 
PET  TESTS,  COMMON  SOURCE 


SEP*  53*12 

BIAS*  3.30  VOLTS# Run 


r 

- 

— 

— ---  . 

_ X 

A.UX1  

Y REAL  i 

AND  IMAGINARY! 

#53-12 

P»EO 

- 

■ u 

- 2l 

tr 

772 1 

2000.00 

. 2d 

‘.41 

20.87  -2.88 

.01 

-.21 

.95 

1.39 

2300.00 

5.35 

21.3*  .4.03  _ 

- .01 

-.26 

— r.01 

— 1.63 1 

3000.00 

.85 

6.63 

21.62  -3.37 

.01 

-.31 

1.12 

2.00 

3500. yo 

1.12 

7.98 

22.25  -6.12 

.03 

-.34 

l.2l 

2.23 1 

<000.00 

1.  JO 

9.30 

23.03  -6.72~" 

;o6 

--737- 

1.22 

2:66—^ 

<500.00 

1.59 

11.27 

23.97  -8.03 

.08 

-.40 

1.25 

3.21 

50C0.00 

2.42 

13.03 

24.47  -10.09 

.10 

-.42 

1.33 

3.74 

3500.00 

' 2.5? 

14.89 

23.44  -11.41 

.14 

“-.42 

1,26 

4,22 1 

6000.00 

3 . 55 

17.06 

26.37  -12.67 

.18 

-.42 

1.34 

4.93 

6300.00 

4.7? 

19.09 

26.72  -14.93 

.21 

*.«1 

1.34 

3.63 

7000.00 

5.57 

21.25 

27 .25  -17  731  “ 

726 

*-TJ8 

1.48- 

6.31 1 

7300.00 

7 . 2o 

23.31 

28.50  -19.64 

.33 

-.34 

1.62 

6,92 

6000.00 

8.5A 

23.91 

28.19  -22.16 

.20 

-.24 

1.89 

7.63 

8500  . CO 

10.39 

~ 27.91 

27.91  -22.69  — 

— .54  — 

"-.04 

1.7J- 

7.84 1 

0000.00 

13.34 

31.19 

30.31  -26.62 

.70 

' .03 

1.90 

8.64 

9300.00 

16.56 

32.87 

30.26  -31.69 

.86 

.10 

2.16 

8.91  1 

10300.00 

21.03 

~ 34.19 

27.44  '-37. 19  ~ 

i;o« 

— 715 

2.06- 

9.56 

1 35  00.0  0 

23.53 

34,00 

74.09  -39.06 

1.17 

.18 

1.96 

9,92 

11500 .00 

25.22 

36.94 

22.28  -44.61 

1.39 

.27 

1.52 

10.37 

11500.00 

33.3? 

36.44 

18.06  -50.37- 

1.55 

“23 

1.41- 

—11.33 1 

12000.00 

39.44 

35.06 

11.91  -55.75 

1.64 

.19 

1.16 

11.63 

7.2500 . 00 

44.67 

31.31 

3.17  -59.12 

1.66 

.07 

.77 

12,87 

• 3900.00 

51 . 5f 

21V  75 

--13.77'  -60.56 

1.45 

-s-.ir 

732* 

— 14.06 

13300.00 

52.44 

6.27 

-31.22  -51.69 

.83 

.03 

.40 

15.67 

14000.00 

45.44 

-2.53 

•39.94  -36.62 

.09 

1.48 

.79 

18.41 

14500.00 

38.50 

3164 

-33.31 ~ -9.11  - 

T733 

4.40 X1.66- 

— 17,53 1 

15300,00 

27.91 

-22.73 

-40.50  -18.87 

.84 

•1.87 

2.89 

14.03  I 

13500.00 

14.75 

-14.23 

-33.87  -1.80 

.79 

.22 

4.14 

13.32 

16000.00 

“12'.  20 

“ -7.97 

--25.16  5103 

— 765 

—757- 

3773- 

—14739 

9343WATS 
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10  OeCE»BER  1*73 

V AR I AN  ASSOCIATES  TEST 

REPORT 

1 

' PET  ' 

TESTS.  COMMON  SOURCE 

SER* 

33-12 

! 

BIAS,  1,30 

VOLTS.  .00 

1 HA 

PREC 

521 

K G ha  x Gl  2 match  In 

G2 

Z hatch 

1 OUT 

mm2 

OB  __ 

08  OB  R ♦ 

JX 

D8 

2000.00 

5.7 

.19 

23.3  12.4  14. 3 

215.2 

7.4 

262/.0 

449,2 

2503. 00 

5.7 

. 3C 

23.0  10.2  15. B 

170.3  “ 

7.0 

232.4  - 

394.1  

3005.00 

5.6 

.48 

20.2  8.1  18.1 

137.5 

6.5 

187.3 

333.6  ; 

3500.00 

5.6 

.51 

19.1  7.3  17.1 

117.8 

8.2 

164.8 

303.9 

AOOOmOO 

5.6 

‘ .47”“ 

18.7  6.9  i.;o' 

~ 98.8  6,2 

129.3  273.0 

4300.00 

5.6 

.52 

17.9  6.3  12.8 

63.3 

6.0 

99.9 

239.8 

5300.00 

5.4 

.71 

18.*  3.2  13.7 

71.3 

5.7 

03.8 

212.1 

4330.00 

5.4 

,64” 

16.6  5.3  11.5 

62.7 

~ 5.9 

~ 66.2 

196.3  | 

6000.00 

5.1 

.79 

15.5  4.6  11.7 

54.2 

5.6 

52.8 

172.1 

6500.00 

4.e 

1.07 

16,5  4.5 

41.8 

5,0 

139.6 

7000.03 

4.6 

1.12“ 

16.4  1.9 

3778 

-13.6- 

130.9 

7310.00 

4.6 

1.25 

15.6  4,2 

3*  * 7 

11.2 

123,0 

0000. oc 

4.0 

2.85 

13.1  6.9 

32.2 

23.6 

113.4 

0500.00 

3.5 

1.10 

16.3  2.1 

31.3  ~ 

— 7.0 

117.8 1 

9J00.30 

3.5 

x.oi 

16.9  .6 

26.0 

4.1 

107.6 

9500.00 

3.4 

1.11 

13.0  3.1 

25,6 

3.4 

103.7 

13003. CO 

3.1 

1.0? 

14.8  “ 1.7- 

— 23  72  — 

5.5—  96.2 

10530.00 

2.? 

1.04 

14.6  2.7 

22 . 3 

2.6 

92.7 

11033.00 

2.6 

.54 

12.0  2.4  n.8 

17.0 

7.0 

11. 1 

83.1 

115  70.00 

2.5 

.65 

11.7  2.2  12.3 

— 14,0  77  0‘ 

9,7- 

78.3 1 

uoofcoo 

2.  4 

.66 

11.8  2-0  12.* 

12.5 

7.4 

6.3 

73.1 

‘.2500.33 

2.2 

.60 

12.2  1.8  13.8 

10.3 

6.2 

6.1 

70.1 

3000.30 

2*2 

.66 

'12.8  1.5  15.4- 

— 6.8 

*71" 

4.5— 

66.0 

13500.00 

1.9 

1.31 

15.3  8.0 

9 , 2 

2.5 

61.4 

14300.00 

1.5 

,2*» 

2.2  .7  21.9 

.2 

.0 

• .0 

51.8  

14500  . C3 

"•4.6 

3.73“ 

-2.6  20.3 

— -5.7— 

22 . 8 

33, 7 

13003.00 

1.6 

2.50 

6.6  15.0 

■13,6 

20.8 

13300.00 

2.3 

5.0v 

6.*  36.4 

•26.9 

18.1 

57,1  r 

13000.00 

. ? 

4.?e  * 

4.8  57.6“ 

_-25.8~ 

18,6~“ 

61. ♦ 

1 

D-16 
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nr  54 

SEN#  5 l-H 
R1AS.  T3TT  VOLTS.' 

V REAL  AND  IMAGINARY! 


tmo 

11 

21 

12 

22 

”70001  00 

,n 

3 j 79 

lsjoo 

■ii»» 

•\  00 

.,21 

,81 

-»;« — i 

2900,  00 

,37 

4,  03 

IS,  86 

• 3,  00 

•#  02 

.,25 

,82 

1.45 

3 00  0,  00 

.w 

4,  93 

12,09 

• 3,25 

_-j02 

.,28 

1,01 

1,61 

3900,  00"  • 

,76 

9,  89 

11,  17 

“ • 4,  16 

1 03 

• , 33 

l!  02 

2,05 

4000,  00 

6,85 

IS,  28 

• 2,45 

,03 

• .32 

1,02 

2,47 

4300,00 

1,19 

7,84 

14,66 

.3,97 

1 04 

"»  44 

.93 

2,91 

^000,00  ~ 

-1,35- 

9,08 

14,22 

•3,39  ~ 

',03 

.,47 

1,14 

-3,57 1 

990  0,  00 

1,68 

10,44 

13,44 

• 7,29 

.07 

• , 38 

1 , 17 

6,12  1 

6 00  0,  00 

2,  IS 

11,80 

13,  27 

.7,06 

•,  39 

1.12 

6,6* 
fR  C ^ 

A 90  0,  00 

— 2,61* 

1 3, 29 

1 3,  06 

. 7 , 65 

i 22 

»,  36' 

1,19 

— 3,5T 

rooo,  oo 

3,  15 

14,9? 

19,  19 

.10,48 

,26 

.,45 

1.11 

6,  09 

7 30  0,  00 

4,07 

19,94 

14,  52 

•1  2,  06 

.22 

• t 3*. 

1,35 

6,98 

0000,00  - 

4,85 

1 ?,  09 

13,56 

•12,22 

,29  ” 

• ,33 

1,44  — 

-7,45 1 

0900,00 

5,26 

18,37 

14,64 

•11,56 

,38 

•i  ?6 

1,28 

8.17 

9 00  0,00 

4,  14 

19,78 

14,92 

• 11,  80 

>45_ 

•l  16 

1, 40 

»,:3 

.'9  90  0,  00 

~ 7,  SO" 

— 21,28 

17,25 

_*11,  86  — 

1 36 

*1  04 

If  69 

9,  28 

10  00  0,  CO 

8,  46 

2 2,  81 

1 4,  39 

•1  4,  06 

,64 

,16 

1,  58 

9,  50 

10  90  0,  00 

10,  05 

2 4,  12 

17,  04 

14,  97 

« » 

1,44 

10,  23 

u 00  0,  00 

11,34 

- 2 9,  94 

16,  97 

•1  9,  19 

1,02  — 

.39 

1,  89 

1 0,  98 ■ 

1190  0,00 

13,45 

2 7,69 

16.  66 

•2  1,  47 

1.12 

,37 

1,66 

11.45 

12000. 00 

16.03 

29.28 

15.81 

•22.62 

1.20 

.58 

1.24 

12.42 

,looi  Swats 
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SER*  5 

RIAS»  s;00  VOLTS.  45"O0  MA  i 


r*f  o 

S21 

K 

QMAX 

r»i 

Z MATCH  IN 

02  l MATCH  OUT 

mw  2 

D9 

OB 

OB 

R ♦ JX 

08  * 4 JX 

'TOO  Og  00"  Ijl  Slj4  13,2  n',3  29S|  3 6 Jl  36  oj  i'~  9 46  j*  ~ > 


2500,  00 

•t  * 

1.7 

.<« 

20,5 

11,  0 

26,2 

23  8,  3 

2,8 

266,  7 

6 74,2 

3 00  0,  00 

1.8 

,«2 

12,9 

9,8 

22,6 

19  4,5 

2.1 

218,7 

3 91,6 

350  0,  00“ 

.A 

",63 

“16,0  ' 

‘ 8,8  “ 

21 ,9 

16  2,1 

- 7,0 

182,0- 

-361,3 

4000,00 

i ‘ 

.*2 

13,7 

6,0 

19,6 

139,6 

2,1 

134,4 

323  ,8 

4500,00 

2,0 

.68 

16,3 

2,1 

18,8 

119,9 

2.2 

96,1 

283,6 

9000,00 

1.2 

,23 

16,7 

6,6 

16,7 

104,1 

8,6 

02,5 

233  ,8 

5 30  0,  00 

1.* 

,»« 

1*,1 

6,3 

J6  ,8 

•1,1 

6,5 

65,5 

212,1 

6000,  00 

.*2 

13,0 

3,3 

16,9 

80,3 

6 .7 

50,8 

192,8 

6 50  0,  00 

,< 

.97 

12,2 

3.1 

16,1 

21,1 

— 6,2- 

3k,  0- 

185,6 

7 no  o,  oo 

3,2 

,38 

16,6 

6.  7 

13,9 

6 3,  7 

6 .8 

30,  2 

149  ,0 

7 50  0,  00 

1.2 

1,  38 

12,2, 

7,0 

31,7 

16.  1 

123  ,2 

3000,00 

,* 

1,65 

lli' 

- 

8.3 

48,  7 

1»,3 

118,4  - 

4300,00 

• 3 

1,28 

12,9 

3,3 

6s|  7 

6,6 

111,3 

9000,00 

1,38 

12,6 

6,0 

43,7 

3,0 

109,2 

9500,  00  ~ 

,7 

2,46 

n » 

9,3 

42,0 

. _ 

11.2 

102,7  — 

10  00  0,  00 

•l* 

1,  13 

12,  6 

.2,« 

13,3 

39,  7 

3,3 

100,* 

10500,  00 

,< 

,33 

11,1 

2.2 

35,1 

2, ’6 

1 0, 1 

91,6 

11  00  9,  00 

,2 

,85 

~ »,« 

2.T 

12  ,8 

32,2 

8.2 

11,  8 

84  ,5 

1130  0,  00 

,1 

.35 

10, t 

2.2 

12  .» 

29,0 

’.2 

».* 

81  ,2 

12000.00 

..3 

.22 

11.2 

2.5 

13.1 

26.2 

9.1 

3.5 

75.8 

•4M2W4TS 
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SEE!  6 

Run 

1 

9]  AS* 

loo 

i 

¥t 

*- 

•J 

O 

> 

#54 

-6 

Y R6AL  AND 

IMAGINARY! 

. . i 

P*fO 

ii 

21 

12 

22 

TffOOjoO 

.*3 

3, 43 

9,36 

•i,'o6 

;oi 

.,17 

;ss 

1.22  - 

2500 t 00 

,30 

.4,23 

10,44 

• 2,54 

,»i 

•,20 

,70 

1,71 

3000,00 

.50 

5,10 

9,64 

• 2,65 

,»i 

.,23 

,59' 

1,94  j 

“3500,00 

,72 

5,9* 

9,2* 

-•3,70  

,04 

'•,27 

— ,53 

2,35 

4000,00 

.74 

6,93 

10,2* 

•1,47 

,06 

.,26 

,76 

2.74 

4500,00 

,92 

7,99 

11,75 

• 3,37 

1 07 

.,35 

,92 

3,15 

^5000, 00 

1,04 

9)l2 

12,05 

- -O.Ol 

",  08 

• , 40 

” , 87 

3,59  - 1 

5500,00 

1.31 

is, 31 

10,70 

• 5,54 

.11 

• ,34 

,»7 

4,23 

4000,00 

1,»0 

11,5" 

10,59 

.5,44 

.10 

• ,35 

1,03 

4,73 

‘6500,00  

2,05 

12,70 

- 9,59 

• 4 1 53 

, 33  *— 

1 95 

* 5 1 36~ 

7000,00 

2,23 

13,91 

12,»0 

• 7 4 35 

,25 

1,01 

6,10 

7500,00 

2,77 

15,73 

11,11 

•9,0? 

,25 

•»3l 

,99 

6,62 

6000,00 

3,16 

16,*7 

10,7? 

-•«,4t  

.26 

•,4  i 

1,37 

7.*; — i 

5500,00 

3,77 

17,49 

11,67 

•64.30 

,33 

"1  3? 

1,08 

7,73  | 

9000, 00 

4,30 

16,91 

11,66 

• 6,30 

,*1 

.,27 

1,29 

8, 12 

• 9 50  0,00 

4,  57 

20,22 

13,61 

— • 8i  5?  — 

,39 

V 25  — 

1,39 

-8,  67 J 

10000,00 

5,69 

22,00 

11,50 

•10,02 

,50 

• 4 16 

1,27 

8,98 

10500,00 

6, 7E 

23,34 

13,73 

•11,73 

,6* 

-.03 

1,44 

9,61 

nooffjoo 

7.5? 

“24,67 

13,14 

•12,69  — 

,72 

• 08  — ‘ 

1,36  - 

10,19  . 

11500,00 

8,«9 

26,50 

13,66 

•13,97 

,»t 

1,46 

11,22 

1 2000.00 

9.77 

27.75 

11.9? 

•13.98 

.63 

.w5 

1.31 

11,75 

' 

— 

— - — 

’ - 
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SE*» 

4 

t * * ' 

81*5.  .00 

VOLTS, 

.00-Mo  — 

treo 

521 

K 

GMAX 

G1 

z match  in 

G2 

2 n*tcm  out 

■ W UT 

?o 

08 

DS 

R ♦ 

JX 

08 

jt  

20  Off j 00 

•.*9 

in 

- 25 ; 0 

i»ii 

3 a ; 3 

284 ; 8 

*;♦ 

27318 

6S6;2  - 1 

2500,00 

-,0 

,39 

20,8 

12,2 

17,3 

230,1 

8,6 

194,7 

474,2 

3000,00 

• < 

18,8  . 

.3,3 

19,2 

190,2 

9.3 

130,9 

447,7 

■3500,00-* 

-•1,1 

“ ,67 

—15,8  '-8,9 

19,9 

181,5 

7,*-- 

130-7 

- 380  ,2- — 

4000,00 

• , 9 

,32 

16,6 

’,1 

14,7 

140,2 

8,4 

89,8 

324,2 

4500,00 

,2 

,44 

16,0  , 

8,2 

14,0 

120,5 

7,5 

82,7 

275,8 

5000,00 

,5 

.51 

--15,9,- 

7,8 

12,5 

105,3 

7,6  - 

65,1 

- 247,7  — , 

5500, 00 

•,  5 

= 7» 

13,9,' 

7,1 

5»|3 

93,7 

7,? 

53,0 

215,6 

6000,00 

.,9 

,83 

1*.« 

6,6 

12,0 

83,8 

7,1 

45,1 

194,3 

6500 , 00  ' 

• 2,3 

-*  .76 

-11,4 

• 6,0 

l?.l 

-75,8 — 

-7,7— 

32,8—177,5 

7000, 00 

,2 

, 59 

13;  2 

5,8 

11.2 

68.5 

7,2 

27,8 

152,3 

7560,00 

• t5 

,95 

12,2 

5.3 

11.5 

62,5 

l.i 

23,3 

143,6 

8000,00 

•1,5 

1,42 

-10,6 

6,5 

52,1- 

15,4 

-118, « 1 

8500,00 

•t , 4 

1,02 

14.0 

,1 

48,3 

8,9 

115,6 

9000,00 

•1,8 

1,23 

11, 7 

.0 

48,3 

10,0 

111,9 

9500,00  " 

• 1,3 

1,39 

’11,7 

■ 

4,3 

43  5 

~ — 7,2 

106,1 

i 0000,00 

*2,2 

l.?5 

11,6 

3,7 

40,1 

3.8 

104,1 

10500,00 

•1,3 

,83 

’.5 

3,9 

10,7 

3*,0 

7,0 

13,8 

98,4 

11000,00 

•1,6 

,72 

3,8 

}0,4 

36,4 

7.9- 

11,4 

- 93,3 1 

11500,00 

•1,7 

,81 

’.1 

3,6 

J0.4 

33,7 

7.2 

10,4 

84,8 

12000.00 

• 2.6 

.79 

8.7 

3.4 

10.6 

31.7 

7.9 

8.2 

81.7 

Run 
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VARIAN  METROLOGY  LRB'L I ONEL  WINDHAM 
INGfiflS  DEVICE 


.00  VOLTS,.  .00 

MR  (HERS  1) 

56-2  4 V 

FREQ 

Y 1 1 

Y21 

Y 1 2 

Y22 

(MHZJ 

MAC 

RHG 

MRG 

RNG 

MRG 

RNG 

MRG 

RNG 

2000.000 

3.616 

86 

15.685 

-7 

.196 

-87 

1 .643 

68 

2300.000 

4.463 

83 

13.723 

-9 

.239 

-87 

1.921 

69 

300e .000 

3 .333 

84 

16.879 

-11 

.284 

-86 

2 .302 

73 

3300.000 

6.409 

85 

1 6 .268 

-11 

.320 

-84 

2 .746 

76 

4000 .000 

7.682 

83 

16  .693 

-12 

.333 

-83 

3.224 

78 

4300 .000 

0.597 

82 

16.993 

-16 

.374 

-82 

3.451 

77 

5000 .000 

9.772 

80 

17.394 

-17 

.409 

-78 

3.954 

76 

5500.000 

10.868 

89 

18.139 

-18 

.453 

-79 

4.392 

77 

6000.000 

12.308 

80 

18.889 

-19 

.464 

-78 

4.946 

79 

6500.000 

13.670 

79 

19.230 

-20 

.473 

-73 

3.471 

80 

7000.000 

14.992 

70 

19.636 

-22 

.469 

-75 

5.979 

81 

7500.000 

16.377 

76 

20.312 

-23 

.451 

-72 

6.438 

81 

8000.000 

17.896 

73 

20.528 

-26 

.429 

-69 

6.925 

81 

8300.000 

19.491 

74 

21  .348 

-25 

.430 

-72 

7.336 

82 

9000.000 

21.331 

70 

21.931 

-29 

.212 

-87 

7 .838 

81 

9500.000 

22.271 

66 

22.590 

-29 

.068 

80 

8.172 

80 

10000.00 

22.292 

66 

23.705 

-29 

.320 

37 

8.717 

82 

10300.00 

23.569 

66 

25.393 

-34 

.477 

31 

9.255 

8 1 

11000.00 

23.488 

63 

25.643 

-33 

.500 

33 

9.864 

81 

11300.00 

27.179 

64 

27.714 

-38 

.606 

47 

10 .534 

81 

12000.00 

29.173 

62 

29.095 

-40 

.799 

54 

11.144 

80 

12500 .00 

31.184 

60 

29.071 

-41 

.931 

61 

1 1 .602 

80 

13000.00 

33.313 

58 

33.035 

-43 

1.190 

69 

12.036 

82 

13500.00 

35.448 

35 

31 .479 

-48 

1 .589 

83 

13.317 

84 

14000.00 

39.617 

49 

31  .590 

-56 

3.170 

87 

16.310 

79 

REF  PLRNE 

EXT (CM)  i 

IN- 

.00,  OUT 

’ ■ 

.00 

PAGE  3:  ANA«A5209sDEPT  0810 

SEPTEMBER 

26 ,1977 

VRRIRN  METROLOGY  LAB'LIONCL  WINDHAM 

INGRRS  DEVICE 

.00  VOLTS 

, .00 

MR  (MERS 

1 ) 

56-2  4 V 

FREQ 

GR  MAX 

GU  MAX 

S2 1 

S 1 2 

K 

U 

(MHZ) 

DB 

DB 

DB 

DB 

MRG 

MRG 

2000.000 

3.37 

-34.71 

.17 

4 . 34 

2500 .000 

3.21 

-33 .14 

.23 

2.78 

3000 .000 

3.22 

-31.83 

.27 

2.32 

3500.000 

3.16 

-30.98 

.24 

2.33 

4000.000 

3.08 

-30.37 

.29 

1 .70 

4300.000 

2 . 93 

-30.21 

.44 

1.11 

5000 .000 

16.34 

2 .83 

-29 .83 

.50 

.79 

3300.000 

15.42 

2.73 

-29 .27 

.59 

.67 

6000.000 

13.23 

2.74 

-29.46 

.60 

.62 

6300.000 

14.71 

2.51 

-29.68 

.64 

.54 

7000.000 

14.06 

2.28 

-30.17 

.77 

.44 

7500.000 

13.31 

2.18 

-30.97 

.97 

.33 

8000.000 

13.94 

12.31 

1 .72 

-31.88 

1 .22 

.26 

8500.000 

13.22 

12.13 

1 .37 

-32.33 

1 .48 

.22 

9000.000 

10.88 

10.83 

1.15 

-39.13 

4.29 

.07 

9500.000 

10.16 

10.12 

.94 

-49.43 

15.94 

. 02 

10000 .00 

13.17 

11  .90 

1 .39 

-36.02 

1 .93 

.13 

10500.00 

14.73 

11.95 

1 .68 

-32.92 

1.17 

.18 

11000.00 

12.78 

11.03 

1.11 

-33 .08 

1 .54 

.15 

11500.00 

13.00 

11.13 

1 .28 

-31.93 

1 .36 

.17 

12000.00 

12.48 

10.61 

1 .08 

-30 .12 

1 .27 

.18 

12300.00 

11.62 

10.11 

.39 

-29.30 

1.31 

.19 

13000.00 

12.27 

1 .28 

-27.38 

.68 

.33 

13300.00 

14.22 

.33 

-23.61 

.39 

.78 

14000.00 

9 .02 

-1.28 

-21  .23 

.74 

.43 

REF  PLANE  EXT(CH)t  IN-  .00,  OUT-  .00 


L 


D-19 


Run 

#57-1 


PACE  2 1 RNR»R3209'DEPT  0818  SEPTEMBER  26,1977 

VRRIRN  METROLOGY  LPB/L I ONEL  UINDHRM 
INCRRS  DEVICE 


.00  VOLTS,.  .00 

MR  (MCRS  1) 

• 57 

FREO 

Y 1 t 

Y21 

Y 1 2 

Y22 

(MHZ) 

MAC 

PNG 

MPG 

RNG 

MRG 

PNG 

MPG 

RNG 

2000.008 

3.123 

85  V 

12.604 

-7 

.252 

-89 

1 .393 

66 

2560.000 

3 .846 

84  • 

12 .658 

-10 

.309 

-88 

1 .823 

66 

3000.000 

4.782 

84  • 

12.882 

- 1 1 

.372 

-88 

2.204 

71 

3500 .000 

5.673 

84 

13.186 

-12 

.424 

-86 

2.658 

75 

4000.000 

6.667 

83 

13 .505 

-13 

.478 

-84 

3.108 

77 

4500.000 

7 . 386 

82 

13.567 

-17 

.526 

-83 

3.3  12 

76 

5000.000 

8.505 

80 

14.244 

-18 

.578 

-84 

3.801 

76 

5500.000 

9.503 

79 

14.752 

-19 

.620 

-83 

4.234 

77 

6000.000 

10.795 

79 

15.477 

-20 

.669 

-81 

4.842 

79 

6500.000 

12.149 

78 

15.947 

-22 

.719 

-80 

5.462 

80 

7080.000 

13.289 

77 

16.191 

-24 

.618 

-89 

6.064 

79 

7500.000 

14.481 

76 

17.031 

-24 

.618 

-73 

6 .425 

78 

8000.000 

15.817 

75 

17.071 

-27 

.650 

-70 

6 .745 

80 

6500.000 

16.833 

74 

17.171 

-26 

.659 

-64 

7.184 

81 

9800.000 

18.314 

72 

17.890 

-30 

.683 

-38 

7.692 

82 

9500.000 

19.527 

70 

18.636 

-31 

.726 

-57 

8.119 

82 

10000.00 

20.272 

66 

19 .075 

-30 

.709 

-55 

8.688 

83 

16500.00 

20 .893 

66 

20.640 

-35 

.678 

-51 

9.174 

82 

11000.00 

22.076 

63 

20.831 

-33 

.669 

-46 

9.782 

82 

11500.00 

23.084 

64 

22 .400 

-40 

.589 

-48 

10.447 

81 

12000.00 

24.631 

63 

23.567 

-4  1 

.434 

-39 

1 1 .007 

80 

12500.00 

26.188 

61 

23.481 

-43 

.285 

-13 

1 1 .397 

80 

13000.00 

27.825 

60 

26 .325 

-48 

.384 

52 

12.029 

82 

13500.00 

29.952 

58 

24.729 

-49 

.713 

94 

13 .496 

84 

14000.00 

33.266 

54 

24.747 

-35 

2.167 

106 

16.547 

82 

REF  PLANE 

EXT (CM)  i 

IN- 

.00,  OUT- 

00 

PRGE  3 1 

RNR*P5209'DEPT  0810 

SEPTEMBER 

26,19 

VRRIBN  METROLOGY  LRB/'L  I ONEL  UINDHRM 

INGPRS  DEVICE 

.00  VOLTS,  .00 

MP  (MERS 

1 ) 

• 37 

FREQ 

CP  MRX 

GU  MRX 

S21 

S 1 2 

K 

U 

(MHZ) 

SB 

DB 

DB 

DB 

MPG 

MPG 

2000.000 

1 .47 

-32.51 

.22 

3 .43 

2300.000 

1 .33 

-30.89 

.30 

2 .30 

3000.000 

1 .36 

-29.43 

.31 

2 .23 

3500.000 

1 .41 

-28.44 

.29 

2.24 

4800.000 

1 .39 

-27.64 

.31 

1 .88 

4500 .000 

1.18 

-27.06 

.44 

1 .32 

5000.000 

14.71 

1 .23 

-26.61 

. 33 

.94 

5500.000 

13.81 

1 .21 

-26.31 

.59 

.77 

6000.000 

13.59 

1 .29 

-26.00 

.57 

.74 

6300.000 

12.85 

1.14 

-25.79 

.63 

.64 

7000.000 

12.23 

11.41 

.81 

-27.53 

1.10 

.37 

7500.000 

13.12 

10.99 

.84 

-27.97 

1 .04 

.31 

8000.000 

13.21 

10.74 

.51 

-27.88 

1 .03 

.30 

8500.000 

10.70 

.27 

-28.03 

.91 

.31 

9800 .000 

13.44 

10.20 

.10 

-28.26 

1.01 

.26 

9500.000 

12.71 

9.91 

.02 

-28. 16 

1 . 05 

.24 

10000.00 

11.57 

9.51 

-.16 

-28 .76 

1 .20 

.20 

10500.00 

11.03 

9.48 

.23 

-29.43 

1 .40 

.17 

1 1000 .00 

9.76 

8.58 

- . 13 

-30.01 

1 .80 

.13 

11500.00 

9 .03 

8.30 

.06 

-31.33 

2 .48 

. 10 

12000.00 

8.20 

7.75 

- .01 

-34 .7  1 

4.17 

.06 

1 2500.00 

7.37 

7.26 

- .46 

-38.77 

7.24 

.03 

13000 .00 

9.88 

9 .49 

.27 

-38.48 

4.51 

.06 

1 3500.00 

10.69 

18.26 

- .84 

-31.64 

1 .65 

.17 

14000.00 

8.37 

-2.16 

-23.31 

.96 

.34 

REF  PLPNE 

EXT (CM)  I 

INa  .00, 

OUT- 

00 

D-20 


INCURS  DEVICE 


.00  VOLTS,  .00 

MA 

(MEAS  1) 

57 

FREQ 

Y1  1 

Y21 

Y 1 2 

Y22 

(MHZ) 

MAC 

ANC 

MAC 

ANC 

MAC 

ANC 

MAG 

ANC 

2000.000 

3.691 

86 

13.207 

-7 

.269 

-88 

1 .728 

63 

2300.000 

4.363 

83 

15.224 

-10 

.330 

-89 

2.004 

66 

3000.000 

3.648 

84 

15.310 

-1  1 

.393 

-88 

2.398 

71 

3500.000 

6.643 

83 

15.790 

-11 

.449 

-86 

2.830 

74 

4000.000 

7.849 

84 

16 .244 

-12 

.509 

-83 

3.341 

76 

4300.000 

8.733 

82 

16.308 

-16 

.556 

-85 

3.595 

76 

5000.000 

9.989 

81 

17.031 

-17 

.609 

-83 

4.133 

76 

5300 .000 

1 1 .133 

80 

17.617 

-18 

.630 

-84 

4.611 

76 

6000.000 

12.682 

79 

18.422 

-19 

.694 

-82 

3.193 

78 

6500.000 

14.237 

79 

18.953 

-20 

.714 

-82 

3.779 

79 

7000.000 

15.631 

77 

19.239 

-23 

.699 

-82 

6.342 

80 

7500.000 

17.046 

73 

20.148 

-23 

.671 

-77 

6.832 

80 

8000 .000 

18.306 

73 

20.122 

-26 

.700 

-72 

7.339 

80 

0300.000 

18.951 

71 

19.969 

-26 

.712 

-76 

7.873 

81 

9000.000 

19.708 

69 

20.361 

-28 

.638 

-52 

8.169 

80 

9300.000 

20.184 

71 

21 .309 

-29 

.781 

-60 

8.713 

81 

10000.00 

21  .906 

71 

21  .632 

-28 

.679 

-61 

9.337 

81 

10300.00 

23.832 

70 

23.562 

-32 

.635 

-34 

9.767 

79 

1 1000.00 

23.663 

68 

24.063 

-32 

.623 

-58 

9.954 

79 

11500.00 

26.973 

66 

23.911 

-37 

.528 

-50 

10.457 

80 

12000.00 

28.736 

65 

27.117 

-37 

.378 

-42 

11.031 

82 

12500.00 

30.320 

63 

26.748 

-39 

.206 

-11 

1 1 .779 

83 

13000.00 

32.218 

63 

29.869 

-43 

.307 

76 

12.880 

83 

13300.00 

34.530 

61 

27.673 

-44 

1.001 

101 

14.760 

86 

14000.00 

41 .378 

56 

26.043 

-43 

4.183 

78 

19.769 

73 

REF  PLANE  EXT(CN))  IN*  .00,  OUT.  .00 


PACE  3 f ANA«A3209^DEPT  0010  SEPTEMBER  26,1977 

VAR  IAN  METROLOGY  L AB-'L  I ONEL  UINCHAH 
INCAAS  DEVICE 


.00  VOLTS,  .00  MA  (MEAS  1)  37-2 


FREQ 

CA  MAN 

CU  MAX 

S21 

S 1 2 

K 

U 

(MHZ) 

DB 

DB 

DB 

DB 

MAC 

MAC 

2000.000 

3.02 

-32.03 

.18 

4 .03 

2500.000 

2.84 

-30.44 

.28 

2.68 

3000.000 

2.81 

-29.06 

.29 

2 .34 

3500.000 

2.88 

-28.12 

.26 

2.43 

4000.000 

2.74 

-27.35 

.29 

1 .84 

4500.000 

2.47 

-26.88 

.43 

1 .26 

5000.000 

13.13 

2.42 

-26.51 

.53 

.90 

5500 .000 

14.26 

2.34 

-26.32 

.38 

.73 

6000.000 

13.89 

2.31 

-26.17 

.39 

.68 

6500.000 

13.23 

2.10 

-26.38 

.66 

.57 

7000.000 

12.28 

1 .74 

-27.06 

.85 

.42 

7500.000 

11.61 

1 .63 

-27.92 

.98 

.32 

8000.000 

12.74 

10.76 

1.13 

-28.02 

1 .09 

.27 

8380.000 

11.16 

10.02 

.79 

-28 .17 

1.31 

.22 

9000.000 

11.72 

9.90 

.72 

-29.45 

1.31 

.18 

9300.000 

12.48 

10.06 

.89 

-27.83 

1.10 

.23 

10000.00 

11.10 

9.72 

.58 

-29.49 

1 .44 

.18 

10300.00 

10.10 

9.12 

.68 

-30.71 

1 .95 

.13 

11000.00 

9.34 

8.49 

.33 

-31.40 

2.36 

. 1 1 

11500.00 

9.70 

9.02 

.63 

-33.19 

2.73 

.09 

12000.00 

10.02 

9.45 

.61 

-36.51 

3.63 

.07 

12300.00 

10.31 

9.98 

.14 

-42.13 

6.10 

.04 

13000.00 

12.83 

12.43 

.68 

-39.09 

2.63 

. 1 1 

13500.00 

12.97 

- .69 

-29.33 

.83 

.43 

14000.00 

3.43 

3.26 

-4.13 

-20.01 

l .39 

.18 

REF  PLANE 

EXT (CM)  I 

IN.  .00, 

OUT  m 

.00 

D-21 


I 10,97 hats 
i 21  NQ9BH6BB  HT7 


'Yi^rn'issoeinEJ  TirnwoirT 

central  research  ret  , _ 

SSR*  91.1  V.  V^o  Run 

«l*r. — *75rmTJ7 #58-3 


T rial _AN0_1H  AS  1NARYI 
FREO  11 


21 


12 


22 


f 2000,00 

ro»~ 

"3,1* 

”i2;*r 

*ipf~ 

,## 

■ 9 |"l  J 

’,96 

V**1 

I 2300,  00 

,30 

3,92 

16,22 

•1,18 

,02 

•i  15 

,89 

2.30i 

3 00  0,  00 

.50 

y” 

• 1|_78 

.02 

• .19 

L« 

2.  701 

3500.  00 

.57 

5,  48 

15,  66 

•4,42 

,02“ 

•t  2l 

,81 

3706 

4000.00 

, 66 

6,34 

16,62 

•1,05 

,03 

•,16 

,87 

3,37 

4500.00 

«04 

7,30 

16,28 

•4,55 

.07 

•j  M 

.93 

r 5000(00 

,96 

6,45 

13,61" 

•3,02 

,09 

•,22 

— TjOl 

*.  821 

1 5500,00 

1,34 

9,25 

16,75 

•3,40 

,16 

• , 22 

1,00 

5,15 

6000,00 

1,54 

10,34 

18,12 

•4,20 

,19 

•#  30 

,97 

9,78 

6 50  0,  00 

1,  »7 

"11,5J- 

15,28' 

•5770 

— r«~ 

*725 

1,  06 

— KSt 

700  0.  00 

2,21 

12,73 

18,59 

• 7,74 

,i« 

.,27 

1.20 

7,28 

7500.00 

2,67 

14,20 

16,72 

•4,46 

,16 

-.21 

1.43 

7J  92 

1 8000,00 

6,P0  19,20 

18,37“ 

•5,02 

i 14' 

— T.34 

— 87**' 

8500,00 

3,48 

16,31 

20,03 

•5,65 

, 19 

• , 07 

1,67 

6,80 

. 9000,00 

4,02 

17,19 

19.94 

•6,11 

,U 

• , 0 0 

1,70 

9,421 

9500.00 

4,96 

17,62 17 .4, 

•8.09 

,16" 

• 22 

1767— 

9 , 49 

10000,00 

5,80 

16,06 

17,09 

•7,34 

.15 

.41 

1,79 

10,09 

10500,  00 

5.66 

19,31 

23,12 

•8,03 

1 *6 

,71 

2.30 

10,95 

' 11000,  00 

7.  09  20,97 

24,  75 

•10,22 

,64 

,71 

2736 

'10,781 

11500,00 

8,61 

22,53 

23,16 

•12,14 

, 70 

.75 

1,24 

11,641 

12000,00 

11,80 

23,50 

19,81 

•12,17 

,50 

,86 

i,»; 

13,67 

1250  0 rD  0 

12.58 

22,31  19,94 

•10,00 

I 77 

1,47 

Z»64 

“I*,  25 

13000,00 

13,55 

25,37 

29,18 

•8,64 

,92 

2,59 

4,06 

16,26 

13500,00 

14,55 

23,41 

33,25 

•23,19 

i,  i2 

,33 

4,48 

10,4! 

; 14000.00  “ 

”12,70 

25,09 

— 23,34“ 

-•21,59" 

— 1es~ 

,98 

-2730- 

-137*7:' 

/ 


lOW*  ATS 
/21_NOV  EH6ER  1977 


FREQ 

*«'2" 


S 21 


"ViitrANnrssdMiTErTnmfErorr 

isntral  resear  <x  fet 

SER<  58*3 

— bus. — 2;s 


SHAX_ 

DB 


SI 

OB' 


2 hitch  IN 

R T"3Y 


G2 

T8“ 


I hatch  out 

7X 


TT 


"700  0;  08' 

2500.00 
3000^00 
3500,00" 

4000.00 
4500,  00 

"5  00  0.  00 
5500,  00 


1.8 

3.5 

V2_ 

3.2 

3.3 
3,1 
2,3" 
2.T 


< IT 
,13 
_l24_ 
.56 
, 27 
.37 
,28- 
,15 


IV#' 

12,5 


"»76  “30  *75“ 

18,3  246,5 

20,»  200.4 8,2  53,8  323,0  | 

"l.,*— 17572 0.0 >8r3~28»T3~^ 


61,  1 255,1 

50,  9 221  ,1 

4 3,  2 —159  ,4— 


"6500  i 00' 

1,4 

77  7~ 

"'14  77  — 

r,9“ 

— 1472 6 278 

7,4 

22 , 8 

7000,00 

2,9 

,76 

15,4 

5,6 

13,0 

7*,7 

6.9 

22.4 

7500,00 

1.1 

1.32 

14,8 

6,2 

63,3 

4,7 

1 8000.00 

1,3 

l.»l 

14.4 

7,7  60,5 

11,3 

850  0,  00 

1.9 

1.  «0 

14,6 

5,9 

57,9 

12.9 

9 00  0,  00 

1,  » 

5,01 

13,1 

10  ,8 

5 5,2 

1 4,  2 

9500,  00 

.6 

2,29 

12.2 

11 1*  56,9 

12,6 

10000,00 

•.0 

1,68 

10.9 

12,4 

58,3 

12,2 

1050c , 00 

1,7 

.72 

11.9 

3.8 

13,2 

49,0 

6.3 

1«,2 

1 11000,00 

2.2- 

;<0 

12.* 

0, 6 

12,7-  44,1 

6,4 

1^,3 

11500,00 

1.6 

•»n 

16,0 

3,3 

13,2 

39,7 

u.i 

3 14 

12000,00 

*1.6 

.99 

9,8 

2.6 

16,2 

6.0 

6,7 

"”12  500, 00 

"-1,2 

T716 

9, "2 

u ,<r“ 

^Z77 

*rr 

13  00  0,  00 

,5 

. 73 

9,4 

2.3 

15,3 

34,3 

6,3 

6,  6 

13500.00 

3,4 

9.0 

2,4 

15,0 

31,5 

‘.1 

21,3 

r — 14000. 00 

1.6 

i 40 

ir.8 

2.6 

14,2 

32,6 

' •• 

T,~Z 

129,7 

114.6 
109,2" < 

107.6  1 
102  ,7 

"104,6" 

102,5 

90,0 

"89 ; 6" 
82,6  : 


D-22 


1Q897HATS 
.7  l_N0V  EH  869  1877 


central  research  rgr 


; 7 RIAL  AND  IHAOINARTI 

7RE0  11 

f — 1000700 7io — 174 

1 2500,00  ,29  4,2 

, 3000,00  .49 5,  C 

3500,  00  ,55  5.7 

4000,  00  ,50  4,4 

4500,  00  , 75  7,! 

I 5 00  o;  00  , 70 8,7 

5500.00  1,04  9,4 

4000.00  1,13  10,7 

4500.00  1,59 Il.fi 

7000,  00  1,  87  13,0 

7500.00  2,24  14,9 

I "0000,00  2.47  is;  9 

8500.00  3,20  14,0 

, 9000,00  3,55  17,3 

0500.00  4,29  18, 3 

10000.00  5,41  19,0 

10500.00  5,45  20.2 

I ilOOOrOO  4 747  2270 

11500.00  7,94  23,4 

12  00  0.  00  10,  12  2 4.7 

12  5 0 0 700  1032  257! 

13000,  00  11,40  28,2 

13500.00  12,75  30.2 

| 1400030  11,44  34,1 


SER4  58*4  2V0LTJ  RuI^ 

Bt4s«~  -jTitr foe  #58-6 


Wli 

2,05  3,231 

“1728 3744 

1, 91  4,11 


1,83  7,40 

-1,94 »705l 

2,14  8,541 

1.94  9,17 

2 ' 15  937 

2,48 11,02 

" 2 f 97  lU|5Q 

1.42  11,591 

2, 14  14,481 

“1746 15707 

2.95  15,98 

4,33  13,54 


10897*47  S 
21  NOVEMBER  1977 


TAST Ati- l'55od  1 YE 5 TEST  REBOTTT 
CENTRAL  RE  SEAR  04  TET 

SERI  58-4  2V0LTI 

8 1 AS*  “275OV0UT 

( OHAX  G1  Z HATCH  IN  82 
DB  OB  R * JIT  OB 


Z HATCH  OUT 


nro9  0790" 

2500,00 

300030 

3500.00 

4000,00 

4500,00 

5000,00 

I 5500,  00 
4 00  0.  00 
4500,  00 
7000,00 
7500,00 
B000  3 0 


3 ,4-  283;  2 
14  ,7  231,2 

18.0  189.5 

“14,4  147,4“ 

12,2  145,9 

12.4  128,3 

- 9,5—111,7“ 

10.0  10  2,7 

1 ,8  85,5 


8500,00 

2.5 

75 

13,4 

5,« 

10,0 

9000,  00 

2.9 

51 

14,4 

5,2 

10,1 

9500.00““ 

1,2 

45  — 

12.1 

4,7 

10  ,9 

10  00  0,  00 

.7 

91 

10,9 

4,0 

12  ,7 

10500,00 

7,4 

33 

12.8 

4,2 

11,3 

’ 11000.00 

-2,7 

79 

17,0  — 

4,0 

nil 

11500,00 

2.3  - 

21 

1*,7 

3,9 

10,8 

12000,00 

-.2 

l*A 

11.0 

4i» 

_l7l» 

12500700 

• 4 1 

04 — 

'24.7 

T.l 

1370 

13000 , 00 

1.5 

32 

1«.  1 

3,3 

11.5 

13300,00 

f — " 4 A AA  A A A 

4,4  - 

04 



19,0 

4.4 

’■n  • 1 

8,1 

4 “1 

*87*, 2 258  jl  ^ 

87.9  195,3 

57.4  189.5 

57;  4 149,8  ] 

81.9  118,9  1 

19.0  1 45 ,3  | 

7^71  T<3 19 

33.1  135,2 

17.4  127,5  . 

-i«Y5— :2r,i-i< 

23.9  110,4 

18.5  104,9  | 
18',  "3  TOT,  3 


"91,9  ! 

85.4 

48.4 

19{7- 

44.4 

73j3  , 

"5*7S  : 1 


10697M  AT  S 
21  NOVEH8EE  1*77 


TarTan  ~*5Sfirr*rEs-Terr-»-8»o*T  — i/,~ov 

central  research  fet  9 

SERF  J*«l  2V0LTI  Vc- 


t RIAL  AND  1HAQ1NARYI 


ERF  »9*l  2V0LT6  Vfr> 

IASa — 2;  JO  VOtTIi"  Run 

#59-1 


7000 (00  7®l 

2500.00  ,21 

3000.00  ,33 


3300,  00  ,30 

4 00  0,  00  , 44 

4 50  0,  00  , 30 

r5  00  0,  00  , 00  ' 

3500,00  , 00 

0000.00  ,03 

0300,00  1720" 

7000,00  1,41 

7500,00  1,07 

( 9 000700 2,10_ 

! 930  0,  00  2,52 

1 3 00  0,  00  2,  00 

9300.  00  3706“ 

10000,00  3,63 

10300,00  4,60 

rnctooo.oo — 5;s2- 

V 11300,00  3,04 

\ 12000,  00  0,10 

*0500700  0770- 

'3  00  0,  00  1 0,  30 

430  0,  00  11,  93 

10  0 700 li;  So- 


ft as 

~s7t<  7712 

3.23  7,77 

3,34  9,33, 

-3,34 — 9, 36 
3,34  • 0,721 


? 10  967^  AT  9 

2l_N0VEH9ER_1977_ 


central  researw  fet 

SERF  59-1  2V0LTS 
g,A5i  2 75"  0 VOCT 


z hatch  In 

R *-JX 


1 — rofo;oo 

2 30  0,  00 

, 3 00  0,  00_ 

330*0,  00 

4000.00 

4300.00 

| 3000,00* 

3300.00 

4 00  0, 00 

4 50  0,  00 
7 00  0,  00 
7500,  00 
! 9 0007  OQ  — 

8500.00 
, 9000,00 
9500,00" 

10  00  0,  00 

10  30  0,  00 

r — uoooroo- 

1130  0,00 
12000,00 
12500,00“ 

13000.00 

13500.00 

I — 14000700" 


3.1  ,60 

3.3  ^36 

2,  l 1737  ■ 

3.  3 l,  09 

1.8  1,38 

272  1, 62  “ 

2.4  1,42 

2.4  1,80 

1.3 3,00“ 

,7  1,94 

1.9  2,11 

~2.3 1,36- 

2.1  , 34 
A*  2a  37 

,3 1,73“ 

,4  2.26 

.3  3,60 

~“2;7  — 2104  “ 


““3170  2379“ 
22,  J 13,9 
_ 2 0t0  11l4_ 

19,1—1079 
19,9  10,9 

17.3  9,7 

— 16,4-  9,9- 

, S A I , 


-27J-  SOOjT* 

14  ,0  233,1 

17a2  21  1l3_ 

■*13  ,7  IS  4,  $ 
12,1  160,7 

12,9  139,3 

" 9j3  121,3“ 

11,0  111,3 

8j9 99,3 

i!<  77I0 

6.1  71,3 
-3,6— 47, V 

4,9  43,7 

6.1  39,7 

“6,0 J775- 

4,3  34,4 

6 ,0  52,1 

—7,3 — 3170“ 


9.J 3377 


Z NATCH  OUT 
" R'*J7 — 


4 77  “ZJ47«  2«2t»l! 

4.6  18 7,  9 2 29,5  j 

4 ,4  14  9,  8 213,4  I 

—475  12*,  9 2 00"|< 

4.3  111,3  193,7 

4,1  94,9  147,8 

-3J9  — 93,9— 155,5 — I 

3.4  74,8  143,2 

3.7  41,9  129,7  I 


21.0  93,1 

“17,9 *0 ,5 — I 

12,6  90  9 

13.0  I4.2J 
-2r,-fl — 9i,5 

13, 2 92,6 

1®,  2 93  ,9 

-1*73 87  ,1  1 

13,2  68,2  I 

12,6  57,4  J 


21,2  43,1 

47,4  33,3 

-4*79 84,8— |' 


D-24 


/"iiHWifi 

i 4 OS  Cl  M*  SR  tl» 

i V6MAN  ASSOCIATES  T|»T  »HHT 


^ENrwiriiEsswwnT 


SSR*  41*1  »</  v'**° 
8|AM  ,00  V01.TI, 

Run 

I 

T RIAL  AN0  IHAGINARTI 

#61-1 

TRIG 

11 

-n 

1 r 

2 r 

3000,00 

fio 

14,14 

• li  70 

;«i 

*,ii 

1,00 

a;  34 

I 250  0,  00 

,17  3,38 

— '14750" 

• 2,34 

,02 

. 1,20 

*,70] 

1 3 00  0,  00 

.25 

• - ■ 4, 10 

16,  50 

• 2,  77 

, 03 

•1  16 

1, 35 

3,151 

350  0.  00 

.44 

4t70 

16,  81 

.3,36 

, 03 

•,1S 

1.51 

*.»fl 

*00  0,00 

. 44 

5,37 

16.59" 

737*0 

1 09 

•4  18 

SI  53' 

— *7ir 

4500,00 

.52 

6,20 

14.53 

.4,43 

,06 

•1 19 

1,64 

4,83 

5000,00 

,37 

17,26 

•m; 

,09 

•,  20 

1,74 

5,65 

1 5500,00" 

,60" 



7,75 

17,12" 

• 5,29 

,09 

•,20 

— 17*6 

. 8j  88 

6 00  0,  00 

.73 

6,67 

16,06 

• 5,69 

,12 

•,  18 

3,48 

8,17 

I 650  0|M> 

1,03 

»|44 

t‘l«7 

_»7,W 

,13 

•l  » _ 

3,  84 

5,55 

7 00  0,  00 

1.14  to.  41 

14,  2T 

• Of  84 

712 

••  19 

3730 

' 7,15 

750  0,  00 

1.57 

11.27 

17,44 

• 7,35 

,16 

•,  00 

2,96 

*,63 

6 00  0,00 

1.80 

11.91 

17,56 

• 7,73 

,29 

, 01 

2,  61 

7,46 

t 6500,00 

2,00" 

127  59" 

17,59" 

1 33 

• . 65 

— 2,50 — 

—7795) 

9000,00 

2,24 

13,*2 

17,28 

• 6,81 

,27 

,03 

2,36 

6,47 

9500.00 

2.61 

14x30 

1M4 

-«j77 

,28 

,1« 

2,47 

»i»i 

10  00  0,  00" 

2,96 

15742 

17747 

.9759 

729 

. 30 

2, 51 

lO|0» 

10  50  0,  00 

3.25 

16,44 

18,  06 

10,73 

,39 

,42 

2,65 

10,62 

1100  0,  00 

3.  37 

17,22 

17,  91 

•10,97 

, 41 

.55 

2.46  10,69 

r — u 500, "oo" 

3.94" 

is;  57 

1 6,  3l 

•12714 

1 48 

rn 

— 2.  46  TIT69! 

' 12  00  0,  00 

4,51 

14,19 

1 7 , 94 

•13,09 

,56 

.96 

2.57 

12,251 

i 12500,00 

5,16 

2 0,34 

18,53 

•13,84 

,64 

1,33 

2,49 

13,00! 

13000,00 

6 753  21,76 

16.03' 

•14,14 

1.21 

2,17 

3,  it 

14,16 

13500,00 

10.05 

20,61 

21,62 

•17,50 

3,56 

,60 

5,61 

12.34 

14000.00 

6.  75 

21.03 

19,25 

•19,81 

1.66 

.13 

3,44 

11.75 

l * 060 


am 

4 0EC6H8S,  1*77 


j rat  $2i 

i KHZ ffl  . 


VAR!  AN  ASSOC  t ATE S TEST  Ht>0»T ___ 

TEWRaT  T>E  SEWOTTET 

SERf  41*1.2 

Si4S«  .8  4 VOLTS.  .0  6 HA 


GMAX  01  Z HATCH  IN  02  Z HATCH  OUT 
oe  D8 R ♦ JX 9 R » ux 


1 


J 


2 00  0,  00 

rr“2500,00" 
3000,00 

3500x00 

4000,00 
4 50  0,  00 
5 00  0,  00 
| 550  0,  00 

1 4000.00 

, 6500x00 

7000.00 
7500,00 
6000,  00 
I 6500,00 
0 00  0,  00 
*500,  00 
10  000,00 
10500,00 
11000,00 
r— 11500,00 
, 12000,00 
1 1250  0,  00 

13  00  0.  00 

1350  0,  00 
14000,00 


1*4,  3 350,4 
U»7*  30070  I* 
106,6  259,0  | 

226,9 


^7 

5.4  66,6 

11.0  61,5 

1T,0 76“ 

,0  72,3 

T^y— oj!* 

*,»  56, » 

9.2  56,5 
~»,2 — 52i6 

4.2  50.2 
6j* 4 7,4 

“sis  4 3.3 

12,7  37,6 

14.0  39,2 


32;2~lon4 
28,0  135,5 
1 6,2  116,6 


4,9  110, 

9,6  106,«  j 
,,4  2073 9i;9-^ 

6.3  1*,6  64,0 

5,9  U.  7 66,0 

“6  72 1279" 

6.4  11,4 


74 


6,3 


!S1 

I:? 

■62,5-1 
76,7 
74,9  I 


“7^5 77 0 477T 

3,7  16,  3 62  ,0 

4 ,5  17.  7 72,7 


D-27 
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VARJ  AN  ASSOCIATES  71  ST  R»ORT 
CENTRAL  Tie  SE  AR'Oi  Ttt 


7 RIAL  AND  INAQINARVI 


SER»  61.2,2V 

BIAS* .0  0 VCLTS,  Run 

#61-2 


7RE0 

11 

Tl 

lT 

rr 

2 00  0.  00 

3l09_ 

18,59 

•1.80 

_ J 01  _ 

>,09 

.07 

2jl6 

! 2 50  0;  00  — 

.20 

3,66 

i 9;  00“ 

•“2, 18 

,02 

•7 11 

1 20 

*,  >»8j 

1 3 00  0,  00 

.29 

4,48 

18,91 

• 2,75 

1 02 

*,13 

,21 

2,75l 

; 350  0*00 

.48 

5*13 

18.97 

"3*54 

*03 

*,14 

,49 

3,051 

4000.00 

. 47 

5,85 

18.72“ 

•“3,65 

,04 

",14 

,35 

3,44 

4500,00 

.56 

6,75 

16,66 

• 4,45 

.05 

*.15 

,38 

4,00 

5000,00 

.65 

7,»3 

19,31 

•4,53 

,07 

",14 

.42 

4,54 

! 5500,00  — 

1 89 

8,  46 

““19, 16" 

•5, 16 

,09 

•712 

" ,52  1 

5,  OS’ 

6 00  0, 00 

.90 

9,45 

19,50 

• 5,  78 

,10 

*,  U 

,66 

5,54 

6 50  0L00 

1*21 

10*42 

19,  44 

- ’till  — 

. 12 

.,  06 

. .,83 

‘tjoj 

7 00  0,  00 

1,  63 

11739“ 

1 9791“ 

• 6,  92 

,14 

• » 04 

780 

6,  *9 

7 50  0,  00 

1.97 

12,  06 

19,62 

• 7,  00 

,18 

.01 

1,00 

6,98 

8000,00 

2.25 

12,86 

19,64 

• 7,45 

,17 

,07 

1.22 

7,26 

1 8500,00  — 

-2.52- 

“13,64 

—19,84 

.7,59 

,19 

■ IT- 

1,  34 

9000,00 

2,89 

14,55 

19,56 

*8,62 

,29 

,32 

1,53 

7,731 

950  0,  00 

1 10  00  0.  00 

3,60 

15,48 

20,06 

“ ® . 61 

, 40 

_,»*  _ 

1,  73 

8,06 

4.16 

-16734' 

2 0719“ 

• 9,  39 

,39 

>37 

1786— 

8752" 

10  50  0,  00 

4,  46 

17,  06 

2 0,  67 

•10,  34 

>42 

,57 

1,  73 

6,  87 

11  00  0,  00 

4,50 

17.81 

21.28 

•10,  62 

1 30 

,89 

1,69 

♦,U 

1 11 50  0,“00  — 

—4,97- 

“19,03“ 

—21,84 

-•12,14  — 

, 54 

1 85 

—1,77— 

— »,7r 

i 12000,00 

5,59 

19,91 

22.00 

•13,16 

,61 

1.06 

1.99 

10,17 

! 12500,00 

13000,00 

6,23 

-7738— 

21*34  22,31 

■“22,16  21789' 

•14*55 

•1 5,  98 

1,37 

1,76  10,76. 

13  50  0,  00 

8,  47 

2 4,  47 

2 2.  28 

•17,56 

, 83 

2!  67 

1,  89 

12,41 

14  00  0.  00 

12,61 

2 7.  72 

23,  56 

•1  6,  94 

3.  79 

6.  55 

5.  50 

17.25 

7* 


UbobnatJ 
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VAR  I AN  ASSOCIATES  test  R *ORT 
“CENTRAL- RESE18CM  TET 


SERB  61*2*  2V 
BIAS*  ,00  VOLTS. 


02 

OB 


z NATCH  out 
R ♦ JX 


2000*00 
f 2900 ,00 

! 3000,00 

I 350  0,  00_ 

A 00  0,  00 
A 50  0 . 00 
5000, 00_ 
“5500,  00 
• 6000,00 

1 6500,00_ 

7000,00 
7500,  00 
0 000.  00 

I 8500,  00“ 

9000,  00 

950  0*00_ 

10000,00 
10500,00 
11000L00 
r- 11500,  00  ' 

I 12  00  0 , 00 

12  50  0 , 00 
13'OOOrOO- 

13  50  0,  00 
1AOOO.OO 


5.2 

5.3 

5,1 

_v»_ 

A,  8 
4,6 

-«.» 

4.5 
A, 4 

_4*0_ 

4,0 

3.6 

3.4 

“3,  2“ 
2,  9 
_2«* 

2.5 

2,  T 

_2 

2.8 


>,04  40,5  1 7,0  10,3  315,2 

703 337»~1«73 1375  262,9 

,03  31,1  12,5  14,2  216,4 

.*17  2 5,  7 10l5 17  j 7 188,5 

, 05  2 6,»  1077  13 ,5  16  6,  0 

, 05  2 6,  0 1 0,  1 U ,9  14  3,  9 

>,  03  25,5  9,  7 10  ,5  127,1 

24,-4  9,  7 9J1  11572“ 

22,6  8,6  9,4  103,3 

20,4  7,8  10*5 93l8 

20,0 679 11 ,3 6574' 

18,  0 6.  3 12  ,3  80,5 


19 « 3 15,4  446*1 

■14,0 3472  40672  ! 

13,5  27,6  346,5 

10,2  49,6  306,6 

-U73 2977—2  77,3 

11  ,2  2 3,  6 2 39  ,5 

11,0 


• ,09 

-.10 

,03 
,25 
_*36 
.31 
, 03 
-A  ®6 
.21 
.05 


2777 
2 3.  6 

At  ,w  1 9,  7 212  ,5 

“10,  J-— 1975— 191,8— I 
9,4  20,1  174,0 


'll 


■97 r 

8,2 


21.2 

“1676“ 

18,1 


139,1 


17.0 

6,0 

12,1 

75,5 

1 9,  7 133,4 

16,  4 

1 5,  8 
1.4*6 

5,7 

5,6 

5.0 

— 11  i’- 
ll ,4 
12.3 

6 7J 1 
6 2*1 

7,5- 

7,3 

7,0 

—19,2'  128,9—] 
19,0  125,6  ; 

_1  Ji_2 1 19jl_J 

14,2 

— 4j5“ 

12,9  5871— 

7,2 

i 8 , 6 1 13 ,5 

14,7  4,5  12,4  56,2 

.13  15,5  4.8  11,1  54,1 

7 18 — is;9  477  10,4  3077 

' 48,3 


2,6 

2.6 

17 
.,  31 

15.4 
1 8,  0 

4,  6 
<96 

10  ,4 
9,7 

2,  3 

• . 34 

I8i3 

472 

10  |3 

2.  2 

-.42 

6,8 

4,  6 

8,7 

•,2 

-.28 

17.3 

5.3 

6,4 

8,1  1 2 , 1 


6,3 


3 9,5 
33,3 


107,4 

979-100,r—| 
9,  5 95  ,9 

4,  7 91 ,1  ( 

“373 85,8— 

,0  .1,  3 79  ,3 

12.3  1.6  53,5 


! IOjS 

I I27O 


D-28 


?sio  n n n tz 


2 00  0,  00 

.09 

3;  02 

1»!« 

•i;7S 

1,46 

1,11 

f~~2  50  0,  00 
3000,  00 
! 350  0.00 

. 14 

3,61 

1«.  6l 

• 2,  27 

, 01 

•,  14 

1*31 

2,07 

.2* 

4,37 

15,47 

• 2,45 

,02 

•1 16 

1,56 

2,  46 

■ 44 

5,00 

15,53 

•3,30 

1 02 

• , 20 

1.72 

4000,00 

,43 

5,70 

15.30 

•3,  24 

,04 

~ =721 

1771 

3,16 

4500,00 

.51 

4,57 

15.36 

•3,73 

,05 

.,22 

1,74 

3,65 

5 00  0,  00 

,53 

7,47 

15,  72 

• 4,  07 

_1°* 

• , 23 

1.72 

4, 16 

1 550  0,  00 

.58 

6,20 

15,84” 

• 4(  Z3 

.07 — 

*,  23 

1,  70 

4,59 

1 4 00  0,  00 

. 79 

9,  27 

16,  16 

.5, 02 

,oa 

-.21 

1.  77 

5,l2i 

1 4500,  00 

1.13 

10l14 

16,59 

• 5,30 

■a 

•ii» 

1,86 

— 

7000, 00 

1,32” 

11,11 

16.30” 

• 5,91 

« 1«3 

■ | 10 

it  8i 

6709 

7500,00 

1.74 

12,05 

16,81 

•6,23 

,16 

-.12 

1,96 

6,62 

6000,00 

2.03 

12,61 

16,87 

• 6,54 

.18 

-,07 

2,06 

7,00 

r. — 0500,  oo' 

9 00  0,  00 

2,34' 

13,  73  17,  04 

•6»~7J 

,18— 

•1 03 

2»  14 

3,  04 

14,67 

17,  12 

• 7,  64 

,14 

,1» 

2,  40 

7,591 

J 950  0,  00 

4,05 

14,95 

14.75 

•7,_“ 

_1» 

,23 

2,39 

7,  94| 

10  00  0,  00 

~3,  68 

I5ll9 

17,53” 

• 6,  70 

, <1 

I 20 

2,  40 

8738 

10  50  0,  00 

3.  55 

16,25 

17.59 

• 9,  64 

,37 

,30 

2.  43 

9,  00 

1100  0,  00 

3,  40 

17,12 

17,94 

• 9,89 

,38 

i 

2,32 

9,33 

1 11500,00” 

3.  Si” 

IS, 56 

17  ,”72” 

•11.39 

I44 

1 66 

2.4J^  10,03] 

12000,00 

4,52 

19,37 

18,00 

•11,81 

.57 

,86 

2,65 

10,53) 

. 12500j_00 

13  00  0,  00” 

4,70  20,54 

5.  69  21741 

18.47 

“17759” 

•13,42 

•H.  80 

.54 

65 

1.12 

1.  52 

2,48  11,  03i 

— 2746 1I77I' 

13  50  0,  00 

6.  3d 

2 3,  46 

16.  47 

•1  4,  44 

.70 

2,  36 

2.56 

12,  78 

14  00  0.  00 

7.  95 

2 6.  76 

16.  34 

•14.  45 

2.  42 

4,  57 

4.  46 

15,52 

JIWW1TJ 
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VAR! AN  ASSOCIATES  TEST  RERORT 
“CfNtRAU  RESEARCrTtr- 


SER*  61«3t  2V 
BIAS*  ,0  0 VOLTSi 


.0  OMA 


7RE0 

mHZ 


S21 

tB 


OH  AX 
DB 


01 

OS 


Z MATCH  tN 
R ♦ JX 


02 

DB 


Z MATCH  OUT 
R * OX 


2000,00 

' 290  0,  00 

S 00  0,  00 

, JJOOj.00 

4 00  0.  00 
450  0,  00 

5 00  0,00 
f 5500,00 

*000,00 
4500,00 
7000,  00 
7 50  0,  00 
S 00  0 , 00 
I S 50  0,  00 

I 9000,  00 

950  0,  00 

10000,00 

10500.00 

U 00  0.  00 
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